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An Efficient Solution Methodology for Mixed-Integer

Programming Problems Arising in Power Systems

Mikhail Bragin, PhD

University of Connecticut, 2016

For many important mixed-integer programming (MIP) problems, the goal is to obtain near-
optimal solutions with quantifiable quality in a computationally efficient manner (within, e.g., 5, 10 or 20
minutes). A traditional method to solve such problems has been Lagrangian relaxation, but the method
suffers from zigzagging of multipliers and slow convergence. When solving mixed-integer linear
programming (MILP) problems, the recently adopted branch-and-cut may also suffer from slow
convergence because when the convex hull of the problems has complicated facial structures, facet-
defining cuts are typically difficult to obtain, and the method relies mostly on time-consuming branching
operations. In this thesis, the novel Surrogate Lagrangian Relaxation method is developed and its
convergence is proved to the optimal multipliers, without the knowledge of the optimal dual value and
without fully optimizing the relaxed problem. Moreover, for practical implementations a stepsizing
formula, that guarantees convergence without requiring the optimal dual value, has been constructively
developed. The key idea is to select stepsizes in a way that distances between Lagrange multipliers at
consecutive iterations decrease, and as a result, Lagrange multipliers converge to a unique limit. At the
same time, stepsizes are kept sufficiently large so that the algorithm does not terminate prematurely. At
convergence, the lower-bound property of the surrogate dual is guaranteed. To solve MIP problems,
based on Surrogate Lagrangian Relaxation, stable and accelerated convergence is ensured by introducing

guadratic penalty terms motivated by Augmented Lagrangian relaxation. Convergence of Lagrange



multipliers to their optimal values is significantly improved. When solving MILP problems, through the
novel V-shape linearization, the relaxed problem is linearized to ensure that solutions consistent with
those of the nonlinear relaxed problem can be obtained by branch-and-cut, thereby ensuring that
convergence characteristics are very similar to those of Augmented Lagrangian relaxation. When solving
block-structured MILP problems, the V-shaped relaxed problem allows the decomposition into much
smaller MILP subproblems with exponentially reduced complexity as compared to the original problem
thereby drastically reducing computational requirements. Moreover, analytical subproblem solutions can
be obtained thereby making the reduction of computational requirements even more drastic. When
solving large-scale unit commitment problems with combined cycle units as well as other problems for
which facet defining cuts are difficult to obtain, it is demonstrated the new method is robust and much
more efficient as compared to frequently-used branch-and-cut and surrogate Lagrangian relaxation, and

represents a major step forward to solve difficult MIP and MILP problems.
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Chapter 1

Introduction

1.1. Motivations

For many important mixed-integer programming (MIP) problems, the goal is to obtain near-optimal
solutions with quantifiable quality in a computationally efficient manner (within, e.g., 5, 10 or 20
minutes). An important subclass of MIP problems include “block-structured” [1] mixed-integer linear
programming (MILP) problems, which can be viewed as multiple subsystems interconnected through
system-wide coupling constraints. Examples include Generalized Assignment problems [2, 3], Location-
Routing problems [4-7], and Unit Commitment and Economic Dispatch problems [8-14]. Linearity can
be exploited by branch-and-cut [15-17], and separability can be exploited by Lagrangian relaxation [3,
18-22]. For example, after relaxing assignment constraints, Generalized Assignment Problems can be
decomposed into machine subproblems [2, 3], and Unit Commitment and Economic Dispatch problems
can be decomposed into unit subproblems after relaxing system demand constraints [8-14]. In the
following, after presenting the unit commitment problems with combined cycle units, existing method

and their difficulties will be presented.

Unit Commitment Problem with Combined Cycle Units. Combined cycle units are efficient because high
temperature gas from combustion turbines is not released into the atmosphere but is used to generate
steam in a heat recovery steam generator. Steam is then used to drive a steam turbine generator.
However, transitions among generator states may be constrained. For example, steam turbines cannot

generate electricity if there is not enough heat from combustion turbines. Such transitions among



commitment states of combustion and steam generators complicate unit commitment and economic
dispatch problems and pose major computational challenges for existing methods. The associated unit
commitment and economic dispatch problem is modeled as a mixed-integer linear programming problem,
which is computationally intensive. CPU time required to obtain solutions with good quality by branch-
and-cut and Lagrangian relaxation is frequently large [23-24]. Such difficulties arise because of

fundamental difficulties as will be explained ahead.

Branch-and-Cut To solve MILP problems, branch-and-cut [15-17] attempts to obtain the “convex hull”
by using “facet-defining” cuts. Then the optimal solution is obtained at one of the vertices of the convex
hull. One way to obtain facets of the convex hull is by using “lift-and-project” cuts [25-32]. Another
way to obtain facets of the convex hull is by using Gomory cuts [33-38]. Cuts are created after linearly
combining constraints and then rotating and shifting resulting hyperplanes. When solving block-
structured MILP problems, the method does not exploit “block structures,” and constraints within one
block are handled globally thereby affecting the solution process of the entire problem and leading to
slow convergence. When the convex hull has complicated facial structures, facet-defining cuts are
difficult to obtain, and the method relies mostly on time-consuming branching operations [39-40]. These
difficulties have been vividly demonstrated for unit commitment problems with combined cycle units that
arise in power systems [41-42].

Lagrangian Relaxation and Surrogate Lagrangian Relaxation The “block structure” can be exploited
within Lagrangian relaxation, and complexity of resulting subproblems and associated convex hulls is
drastically reduced. However, the method may require significant computational requirements and suffer
from slow convergence because frequently used subgradient methods [8-14, 43-50] requires solving all
subproblems to update Lagrange multipliers. These computational difficulties have been overcome by the
surrogate subgradient method without solving all subproblems [51]. Resulting surrogate subgradient
directions are smoother and form smaller acute angles toward the optimal multipliers as compared to

subgradient directions, thereby alleviating zigzagging and reducing the number of iterations required for



convergence. However, convergence proof and practical implementations of the method critically require
the knowledge of the optimal dual value, thereby leading to major convergence difficulties. These
difficulties have been overcome by our recently-developed Surrogate Lagrangian Relaxation method [52].
The difficulty of the method is that levels of constraint violations may not reduce fast enough.

Method of Multipliers (“Augmented Lagrangian Relaxation”) To accelerate the reduction of violation
levels of relaxed constraints, the method of multipliers (referred to as “Augmented Lagrangian relaxation”
(ALR)) [53-57] was proposed in the late 1960s by Hestenes [53] and Powell [54] whereby constraint
violations are penalized by introducing quadratic penalty terms. Under assumptions of convexity and
smoothness of the objective function and constraints, convergence has been established [55]. The ALR
method has been used for MILP [57] problems and it has been shown duality gap approaches zero.
However, the associated computational effort may be large because of the combinatorial nature of the
problems. While Augmented Lagrangian relaxation has been one of the fastest methods, because of the

introduction of quadratic penalty terms, the relaxed problem is nonlinear and non-separable.

1.2. Major Contributions

To efficiently solve the unit commitment problem with combined cycle units as well as other complicated
mixed-integer programming problems to obtain near-optimal solutions with quantifiable quality and
within strict time limits, a novel solution methodology is developed. First, based on Lagrangian
relaxation whereby through decomposition complexity of subproblems reduces drastically, to guarantee
convergence to the optimal multipliers, the novel surrogate Lagrangian relaxation method is developed
whereby convergence is proved without the knowledge of the optimal dual value and without fully
optimizing the relaxed problem. Moreover, for practical implementations, a stepsizing formula that
guarantees convergence without requiring the optimal dual value, has been constructively developed. The
key idea is to select stepsizes in a way that distances between Lagrange multipliers at consecutive
iterations decrease, and as a result, Lagrange multipliers converge to a unique limit. At the same time,

stepsizes are kept sufficiently large so that the algorithm does not terminate prematurely. At



convergence, the lower-bound property of the surrogate dual is guaranteed. To significantly improve
convergence, the surrogate Augmented Lagrangian relaxation methodology is developed based on
Surrogate Lagrangian Relaxation with major improvements on convergence through the introduction of
guadratic penalty terms as motivated by the fast convergence of Augmented Lagrangian relaxation.
When specializing to solving MILP problems by using the surrogate Augmented Lagrangian relaxation
method, existing linearization methods and their difficulties are presented. To preserve fast convergence
characteristics of surrogate Augmented Lagrangian relaxation while exploiting linear solvers, the
augmented relaxed problem is linearized through the novel V-shape linearization scheme that preserves
positions of minima. When further specializing to solving block-structured MILP problems, the
linearized relaxed problem is decomposed into smaller subproblems with exponentially reduced
complexity as compared to the original problem thereby drastically reducing computational requirements.
Moreover, analytical subproblem solutions are obtained thereby making the reduction of computational
requirements even more drastic. It is demonstrated numerically that convergence of the new method is
more stable as compared to standard subgradient methods. When solving large-scale MILP problems
whereby convex hulls are difficult to obtain such as generalized assignment problems and unit
commitment problems with combined cycle units, it is demonstrated the new method is robust and much
more efficient as compared to frequently-used branch-and-cut and our recent surrogate Lagrangian
relaxation, and represents a major step forward to solve difficult MILP problems.

To address the increasing uncertainties associated penetration levels of intermittent renewable such as
wind and solar, an alternative distributed and asynchronous unit commitment end economic dispatch will
be considered presented. Within the framework, unit subproblems are solved locally in an asynchronous
manner, and price-based coordination is performed by an 1SO. Since prices are updated based on unit
solutions obtained using prices of different vintages, convergence may not be guaranteed. To overcome
this difficulty, surrogate Lagrangian relaxation is distributed, and conditions on price convergence are
innovatively established through a Lyapunov energy function of the distance from current prices to the
optimum. To consider the effects of asynchronous unit solutions, an upper bound of the energy function

4



is shown to approach zero. Numerical testing on the unit commitment end economic dispatch problem
with 1000 units without transmission capacity constraints indicates that the method is robust and fast. To
further explore the scalability of asynchronous coordination, a simplified unit commitment end economic
dispatch problem with 10,000 units each with generation capacity constraints only indicate that the

method converges, is robust and more efficient as compared to alternate direction method of multipliers.
1.3. Organization of this Thesis

The rest of this thesis is organized as follows. Chapter 2 introduces the novel Surrogate Lagrangian
relaxation method and its convergence proof. Chapter 3 introduces the novel surrogate Augmented
Lagrangian relaxation and its combination with branch-and-cut. Chapter 4 discusses a distributed and
asynchronous unit commitment problem and extensions of surrogate Lagrangian relaxation to handle the

asynchronous nature of the problem.
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Chapter 2

Convergence of the Surrogate Lagrangian Relaxation Method

Studies have shown that the surrogate subgradient method, to optimize non-smooth dual functions within
the Lagrangian relaxation framework, can lead to significant computational improvements as compared to
the subgradient method. The key idea is to obtain surrogate subgradient directions, that form acute angles
toward the optimal multipliers without fully minimizing the relaxed problem. The major difficulty of the
method is its convergence, since the convergence proof and the practical implementation require the
knowledge of the optimal dual value. Adaptive estimations of the optimal dual value may lead to
divergence and the loss of the lower bound property for surrogate dual values. The main contribution of
this section is on the development of the surrogate Lagrangian relaxation method and its convergence
proof to the optimal multipliers, without the knowledge of the optimal dual value and without fully
optimizing the relaxed problem. Moreover, for practical implementations a stepsizing formula, that
guarantees convergence without requiring the optimal dual value, has been constructively developed. The
key idea is to select stepsizes in a way that distances between Lagrange multipliers at consecutive
iterations decrease, and as a result, Lagrange multipliers converge to a unique limit. At the same time,
stepsizes are kept sufficiently large so that the algorithm does not terminate prematurely. At
convergence, the lower-bound property of the surrogate dual is guaranteed. Testing results demonstrate
that non-smooth dual functions can be efficiently optimized, and the new method leads to faster
convergence as compared to other methods available for optimizing non-smooth dual functions, namely,

the simple subgradient method, the subgradient-level method and the incremental subgradient method.



2.1. Introduction

When solving complicated mixed-integer optimization problems, the effort needed to obtain an optimal
solution increases dramatically as the problem size increases. Therefore, the goal for practical
applications is often to obtain a near-optimal solution with quantifiable quality in a computationally
efficient manner. Lagrangian relaxation has successfully achieved this goal by exploiting separability of
a problem. In the method, the relaxed problem is fully optimized, and the dual function is obtained. Dual
functions are always concave, and the feasible set of dual solutions is always convex regardless of the
characteristics of the original problem such as convexity. To optimize non-smooth concave dual
functions, Lagrange multipliers are adjusted based on appropriately defined stepsizes and by using
subgradient directions [1-13] or surrogate subgradient directions [14-20]. At convergence of multipliers,

heuristics are typically used to obtain feasible solutions.

The subgradient method has been extensively studied starting with the pioneering works of Ermoliev
[1], Polyak [2-3] and Shor [4-5]. The general convergence has been established in [1] and [2]. To ensure
convergence with a geometric rate, convergence was proved by requiring the optimal dual value [3]. In
practical implementations, adaptive rules to adjust estimates of the optimal dual value were first
developed in [3], and such rules have been improved in [7-9, 11, 21] to guarantee convergence to the
optimum. Difficulties associated with the unavailability of the optimal dual value have been overcome
owing to the fact that subgradients form acute angles with directions toward the optimal multipliers and
owing to the convexity of the dual function. Therefore, for properly chosen stepsizes, multipliers move
closer to the optimal multipliers. For example, in the subgradient-level method [7], stepsizes are set by
using estimates of the optimal dual value based on the highest dual value obtained so far, and such
estimates are further adjusted when significant oscillations of multipliers are detected. However,
subgradient methods require the relaxed problem to be fully optimized, which can be difficult when the
relaxed problem is non-separable or NP-hard. Moreover, convergence can be slow because multipliers

often zigzag across the ridges of the dual function, and the zigzagging is especially noticeable when



ridges are sharp. While incremental subgradient methods [8] reduce computational requirements by
optimizing one subproblem at a time and converge without requiring the optimal dual value, these
methods require separability of the problem and cannot be used to solve non-separable problems, or when

subproblems are NP-hard.

The surrogate subgradient method, developed within the Lagrangian relaxation framework, is a
variation of the subgradient method that seeks to reduce computational requirements and to obtain
surrogate subgradient directions that form acute angles with directions toward to the optimal multipliers
[15-20]. Without requiring the relaxed problem to be fully optimized, surrogate subgradient directions do
not change drastically, thereby alleviating the zigzagging of multipliers and reducing the number of
iterations required for convergence. The major difficulty of the method is its convergence, since the
convergence proof and the practical implementation require the knowledge of the optimal dual value,
which is unavailable in practice. In the method, since the relaxed problem is not fully optimized,
surrogate dual values are no longer on but are above the dual surface. As a result, surrogate subgradient
directions may not form acute angles with directions toward the optimal multipliers, and divergence may
occur. In addition, the lower bound property of surrogate dual values may be lost. While such difficulties
can sometimes be overcome by occasionally obtaining subgradients during the convergence process, the

computational effort can still be prohibitive when the relaxed problem is non-separable or NP-hard.

In this Section, surrogate Lagrangian relaxation with novel conditions on stepsizes is developed, and
convergence of the method is proved without requiring the optimal dual value and without fully
optimizing the relaxed problem in Section 2.2. The idea is to select stepsizes in a way that distances
between Lagrange multipliers at consecutive iterations decrease, and as a result, multipliers converge to a
unique limit. At the same time, stepsizes are kept sufficiently large so that the algorithm does not
terminate prematurely. At convergence, a surrogate dual value provides a lower bound to the primal cost.
Moreover, a particular stepsizing formula that satisfies the set of conditions has been obtained.

Convergence of the interleaved method [14], in which one subproblem is solved at a time to update



multipliers, has also been proved. Under additional assumptions used in subgradient methods [8], the

convergence rate of the new method is linear.

Section 2.3 presents testing results for a small nonlinear integer optimization problem, large
generalized assignment problems and quadratic assignment problems. For the small problem, the new
method is compared with the subgradient method to demonstrate that the zigzagging is alleviated, and
calculations of surrogate subgradient directions require significantly lower computational effort. The new
method is then compared with the methods available for non-smooth optimization such as the simple
subgradient method, the subgradient-level method and the incremental subgradient method when solving
generalized assignment problems with separable dual problems, and quadratic assignment problems with

non-separable dual problems.
2.2. Convergence of the Surrogate Lagrangian Relaxation Method

This section is on the development of the novel surrogate Lagrangian relaxation method and its
convergence proof without requiring the optimal dual value. In Subsection 2.1, a generic mixed-integer
problem formulation and the Lagrangian relaxation framework are presented. To maximize non-smooth
dual functions, subgradient directions and stepsizes requiring the optimal dual value are frequently used
[22]. To find multiplier-updating directions that form acute angles with directions toward the optimal
multipliers without fully minimizing the relaxed problem, the Lagrangian relaxation and surrogate
subgradient method [15] is presented next. In Subsection 2.2, the surrogate Lagrangian relaxation method
is developed, and convergence of the method is proved without requiring the optimal dual value.
Convergence rate of the method is discussed in Subsection 2.3. Subsection 2.4 discusses practical

implementation aspects of the algorithm such as a constructive stepsize-setting procedure.
2.2.1. Mixed-Integer Programming and Lagrangian Relaxation

Consider a mixed-integer problem formulation:



min f (x) , subject to g(x)<0, x € X, (2.1)

where x = (y, 2), y € RV, z € Z", and X < R""xZ™, with R denoting the set of real numbers, Z denoting
the set of integers, f: X— IR and g: X— R™ are continuous and differentiable with respect to y. In

addition, g(x) satisfy the following assumptions:
Assumption 2.2.1 There exists a scalar M such that
lg(X)||<M<c0, VxeX. (2.2)

Assumption 2.2.2. Regularity Condition Gradient vectors of active inequality constraints with respect to

y are linearly independent at a constrained local minimum x" = (y", z°) of f(x). O

The regularity Assumption 2.2.2 is needed only in the continuous subspace R™ to rule out possible
irregularities, such as linear dependence of gradients of active constraints. In the discrete subspace Z,

regularity conditions are not needed [23].

When solving discrete optimization problems, the Lagrangian relaxation method has been used [15,
22] and shown to be especially powerful for solving separable programming problems. In the method, the
constraints of (2.1) are relaxed and the Lagrangian function is formed by introducing a vector of Lagrange

multipliers A'=(14, ..., Am)e R™:

L(A,x)=f(x)+ A g(x). (2.3)
The dual function, resulting from the minimization of the Lagrangian function (2.3), becomes

q(l) = Ql"Q L(4,X), (2.4)

and the dual problem is to maximize the concave non-smooth dual function [22]:

max q(4), s.t. AeR™ A>0. (2.5)



When the original problem is integer or mixed-integer linear, the dual function is polyhedral concave
and non-smooth [15]. In the subgradient method, to maximize the dual function, multipliers are updated

according to:
A=A +cg(x)]", k=01,..., (2.6)

where []* denotes projection onto the positive orthant, g(x*) is the subgradient of the dual function q(1) at
A and c* is a positive scalar stepsize. If equality constraints h(x) = O are present in the formulation,

multipliers are updated according to (2.6) without projecting onto the positive orthant.

Since q(A) is convex, dual values are not greater than the optimal dual value q":=q(1")

q(2)<q". (2.7)
Moreover, by the definition of subgradients, the following relationship holds:
q —a(F)< (2 -29"g(x"). (2.8)

Both sides of the inequality (2.8) are nonnegative owing to the inequality (2.7). Therefore, subgradient
directions from acute angles with directions toward A", and distances between the current multipliers and

the optimum A" can be decreased under the following condition on stepsizes [22]:

0<ck < 2a” —a(z)

2, k=01,....
Jotct)| @9

While q” is unknown in practice, significant research has been done to guarantee convergence to A°
by adaptively estimating q”. For example, in the subgradient-level method [7], g can be adaptively
adjusted based on such criteria as a sufficient ascent of a dual value or significant oscillation of the

multipliers.

While subgradient directions are traditionally used to update multipliers, such directions may almost

be perpendicular to directions toward A", thereby leading to slow convergence. Moreover, while
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optimization of the relaxed problem (2.4) is generally simpler than the optimization of the original
problem (2.1)—(2.2), it can still be difficult when the relaxed problem is non-separable and NP-hard. This
usually leads to difficulties of fully optimizing the relaxed problem (2.4) and computing corresponding
subgradient directions of the dual function (2.4). Therefore, it is desirable to obtain multiplier-updating

directions that form acute angles with directions toward A" in a computationally efficient manner and to

show that multipliers are moving closer to A",

To reduce computational requirements by not requiring the relaxed problem to be fully optimized, the
Lagrangian relaxation and surrogate subgradient method has been developed in [15] for separable integer
programming problems under the assumption that the constraint functions are g(x) = Ax-b. For our
problem (2.1)-(2.2) under consideration, for any feasible solution x* € X of the relaxed problem, the

surrogate dual is defined following [15] as:

LA, x5) = F(xX*) + ()T §(x), (2.10)
where

g(x*):=g(x") (2.11)
is the surrogate subgradient direction.

Since the relaxed problem is not fully optimized, surrogate dual values are generally above the dual
surface and can be larger than g, thereby causing the violation of (2.7). As a result, surrogate subgradient

directions may not form acute angles with directions toward 1°, and divergence may occur.

To guarantee that surrogate subgradient directions form acute angles with directions toward A", the
relaxed problem has to be sufficiently optimized, such that surrogate dual values (2.10) satisfy the

following surrogate optimality condition:



L(A¢, x) < L(2¢, XYy, (2.12)
and stepsizes have to be sufficiently small

9L X9

O<c 5
50|

k=01,... (2.13)

Under the assumption that constraints are g(x) = Ax-b, it has been proved in [15,17] that multipliers move

closer to A" at every iteration when updated recursively:
A = 2 4G (x¥), k=0,1,... (2.14)
A [ k=0,1,.. (2.15)

where x* satisfy (2.12), and c* satisfy (2.13).

In addition, it has been shown that the lower-bound property of a surrogate dual function is preserved
LA, x*)<q",k=0,1,... (2.16)

While convergence was proved [15, 17] when the constraints are g(x) = Ax-b, the proof in [15, 17]
does not use or require linearity of g(x) to establish convergence. Therefore, for general constraints g(x)
under the regularity condition of Assumption 2.1.2, multipliers converge to A" and the lower bound
property (2.16) is preserved if multipliers are updated according to (2.14)-(2.15), and stepsizes satisfy
(2.13).

When the original problem (2.1)—(2.2) is separable, that is, the objective function f(x) and constraints
g(x) are of an additive form, the relaxed problem (2.4) can be separated into Ns individual subproblems.
Within the surrogate subgradient framework, it is sufficient to optimize the relaxed problem (2.4) with
respect to several subproblems (<Ns), subject to the surrogate optimality condition (2.12), to obtain
surrogate subgradient directions. The accompanying computational effort is approximately 1/Ns per

subproblem of the effort required to obtain subgradient directions.



When the original problem (2.1)-(2.2) is non-separable or difficult to decompose into individual
subproblems, the relaxed problem (2.4), subject to the surrogate optimality condition (2.12), can also be
optimized with a sizable efficiency gain as compared to the subgradient method to obtain surrogate
subgradient directions by optimizing the relaxed problem with respect to selected decision variables,
while keeping other decision variables fixed.

The major difficulty of the surrogate subgradient method is its convergence, since the upper bound on
stepsizes (2.13) cannot be specified due to the unavailability of q". In practical implementations,

estimates of " may violate (2.13), thereby leading to divergence.
2.2.2. The Surrogate Lagrangian Relaxation Method

In this section, the main theoretical contribution of this C, a new method is developed, and convergence to
A" is proved without requiring . In the method, the surrogate optimality condition (2.12) and the
multiplier-updating formulas (2.14) and (2.15) will be used. To prove and guarantee convergence without
requiring q”, instead of the stepsizing formula (2.13), a new formula to set stepsizes will be developed,
and convergence of multipliers (2.14)-(2.15) to A" will be proved. In addition, it will be proved that an

interleaved method [14] with the new stepsizing formula also converges to A",

The main idea is to obtain stepsizes such that distances between multipliers! at consecutive iterations

decrease, i.e.,
”;2“1 _yl “:ak“,ik —Ak‘l“, O<ay <1 k=12,... (2.17)

The stepsizing formula satisfying (2.17) can be derived by using (2.14). Indeed, (2.14) and (2.17) imply

1 Strictly speaking, when dealing with inequality constraints g(x)<0, distances between multipliers and projections of multiples from the
previous iteration are considered rather than distances between multipliers.
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c* G0 = e GO, 0< e <1 k=12, (2.18)

In the new method, stepsizes c* satisfying (2.18) can always be uniquely obtained, unless norms of
surrogate subgradients are zero?.  Therefore, norms of surrogate subgradients are subject to a strict

positivity requirement:
(x| >o0. (2.19)

Since ¢* and c** are positive scalars®, and norms of surrogate subgradients are strictly positive, (2.18)
implies

G L]

c=q, "ﬁ(xk)" ,0<a, <1, k=12,... (2.20)

The combined multiplier-updating formula (2.14)-(2.15) and (2.17) can be viewed as a mapping from
A (eRM to 2 (e RM). Since the distances between multipliers at consecutive iterations always strictly
decrease per (2.17), multipliers converge to a limit, and stepsizes approach zero. When {«} are too
small, however, stepsizes can approach 0 too fast, and the algorithm may terminate prematurely. To
avoid that, stepsizes (2.20) should be kept sufficiently large, and this can be achieved by keeping o«

sufficiently close to 1 as proved in the following theorem, the main result of this Chapter.

Theorem 2.2.3 Suppose that multiplier-updating directions satisfy the conditions (2.12) and (2.19) and
constraints (2.2) satisfy the regularity condition of Assumption 2.2.2. If a satisfies the following

conditions:

2 In the subgradient method, zero-subgradient implies that the optimum is obtained, and the algorithm terminates with the optimal primal
solution. In the surrogate subgradient method, zero-surrogate subgradient implies that only a feasible solution is obtained and the algorithm must
proceed.

3 Initial stepsize c? is initialized to be a positive scalar, therefore, stepsizes ¢*, k=1, 2, ... satisfying (2.18) are positive.
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k
Hai _>O y (221&)
i=1

and

. a

fim —5=-=0, (2.21b)
then the mapping (2.14)-(2.15), with ¢ satisfying (2.20) has a unique fixed point A", O

This theorem is proved in three stages. In Stage 1, convergence to a unique fixed point (not
necessarily 1) is proved under the condition (2.21a). In Stage 2, convergence to A" is proved by
temporarily using q” to establish a lower bound on stepsizes. In Stage 3, the proof is completed with an

additional asymptotical condition (2.21b) without requiring q".

Proposition 2.2.4 With the stepsizing formula (2.20), the Lagrange multipliers (2.14)-(2.15) converge to

a unique fixed pointiz!im A% (not necessarily to A7), provided (2.21a) and the norm positivity
requirement (2.19) hold. O

Proof From (2.20) it follows that
L k=12,... (2.22)

Then by using (2.14) and (2.22), we get

Since projections are non-expansive, (2.23) can be written as an inequality

jet 2 =g i{a‘ . (2.23)

-2 <50 | ﬁ{ai . (2.24)

Since (2.21a) holds, |

At — | approach zero.
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To prove that multipliers converge to a unique fixed point, it will be proved that surrogate dual values

approach dual values as |2 - 2| become small for a sufficiently large iteration k = L. After that, the

proof uses an argument similar to convergence results of the subgradient method with a diminishing

stepsize rule asin [1, 2, 8, 9, 22].

To prove that surrogate dual values approach dual values, consider an arbitrary and a fixed value of
multipliers A at an arbitrary iteration M. A series of surrogate optimizations for the fixed value of A,

subject to the surrogate optimality condition (2.12), consecutively finds solutions x™*, x™*2 . that satisfy
q(A) <..<L(4, x™2) < LA, x") < L(4,x™), (2.25)

until a dual value q(4) is reached. Given the discrete nature of the original problem (2.1)—(2.2), only a
finite number of iterations in (2.25) is required to reach g(), and L(4,x"**°) =q(4) for a positive number

ko. For example, when a problem has Ns subproblems, and one subproblem is optimized at a time, then

g(A) is obtained within at most ko = N; iterations.

Following the same logic, when |4 — 2| are sufficiently small, surrogate subgradient directions

approach subgradient directions. Indeed, since |* -~ 2*|in (2.24) converge to zero, there exists an

iteration L and a positive finite number | such that the distance between A" and A" is sufficiently small
such that values g(4") and q(A-"") belong to the same facet of the dual function q(4). As in (2.25), starting
from an iteration L, a surrogate dual value L(4",x") converges to a dual value q(A“*") within a finite

number of iterations I. Therefore, starting from iteration L+, surrogate subgradient directions become

subgradient directions. In the subgradient method with stepsizes approaching zero, multipliers converge

to a fixed point: 2 = lim A, O
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The condition (2.21a) alone is not sufficient to guarantee convergence to A’, since stepsizes may
approach 0 fast, thereby leading to a premature algorithm termination. To avoid that, stepsizes will be
kept sufficient large by temporarily introducing q".

Proposition 2.2.5. Sufficient Condition for Convergence to A~ With the stepsizing formula (2.20),
condition (2.21a), and the norm positivity requirement (2.19), the Lagrange multipliers (2.14)-(2.15)

converge to A if there exist x> k for all k and stepsizes satisfy the following lower-bound condition:

q - I:(/lk, X*) cc*
Y 2.26
[GTES (2.26)

Proof To prove that the multipliers 2 are optimal when stepsizes ¢ satisfy conditions (2.20) and (2.26),

and stepsize-setting parameters o satisfy (2.21a), the following equality is to be established
q(d)=q". (2.27)
The lower-bound condition on stepsizes (2.26) leads to
* ~ 2
q —-L@A",x")<c” .

g(x*) (2.28)

Conditions (2.21a) and (2.22) imply ¢ — 0. Since x> k, then ¢ — 0 as k — oo, and inequality (2.28)

yields
q - L1, x") <0. (2.29)

According to Proposition 2.3, Z =1lim 4. Since x>k, then 4 = lim A< implies

k—o0 K—0
q —-L(Z,x%)<0. (2.30)

From the inequality (2.25) it follows that L(Z,x*) —q(2) . Therefore, by using (2.25) and (2.30) we get
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g —q(4) <0. (2.31)
Therefore, 2 maximizes the dual function, and 1 is an optimum. O

Theorem 2.2 will now be proved by contradiction by using condition (2.21b) without requiring q". It
will be shown that a condition contrary to (2.26) does not hold under condition (2.21b), thereby proving

that multipliers converge to A™.
Proof of Theorem 2.2.3.
Proof The formal proof follows by a contradiction.

Step 1: Assuming that a condition contrary to Condition (2.26) holds, there exists x such that for all k > «;

(g -LEXY

oo (2.32)

Under the surrogate optimality condition (2.12) and the condition (2.32), surrogate subgradient directions
form acute angles with directions toward A", multipliers move closer to A", the lower bound property

(2.16) of the surrogate dual is preserved, and the following inequality holds [15, 17]:

0<q” =L X ) <(A =297 gy <[4 -2 g |- (2.33)
From (2.32) and (2.33) it follows that
 -Alleeo] -2
oo fae] @5
Therefore, for all k> «;
Mg <[4 - 2. (2.35)
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In general, stepsizes satisfying (2.20) and (2.35) may not lead to convergence, since stepsizes c* may

decrease faster than distances between A" and A%, and multipliers may not reach A".

Step 2: It will be proved that the condition (2.21b) ensures that stepsizes c* decrease slower than distances

between A" and A%, and that the inequality (2.35) is violated as a result.

Consider the inequality (2.35) at an iteration x+ m (m>0)

K+m
Cc

g(xm) . (2.36)

<|r-aom

Since the inequality (2.32) holds by assumption, multipliers move closer to A", and there exists 0 < g *™*

< 1 such that

ﬂ* _ﬂrﬁm :ﬂx+m—1

P (2.37)

The value of g (k > «) is the rate with which multipliers approach A". When g ~ 1,* the contradiction
will be established by showing that the left-hand side of (2.35) decreases slower than the right-hand side
for sufficiently large values of o« (< 1) as k increases. With the stepsizing formula (2.20) and with the

equality (2.37), the inequality (2.36) becomes

aK+m_lCK+m—l||§(XK+m—l)||<ﬂ;(+m—1

P (2.38)

Following the same logic, the inequality (2.38) can be inductively represented in the following way:

K+m-1
i

crlg(xr) |l < == ||ﬂf—/1K

,m>0. (2.39)

x+m-1

a
i=x

4When g *<<1, the right-hand side of (35) decreases faster than the left-hand side as k increases. This leads to the contradiction, and the
theorem is proved.
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To arrive at the contradiction, given that the left-hand of (2.39) is positive, the right-hand side of (2.39)

will be proved to be arbitrarily small under (2.21b) as m increases.

From (2.14)-(2.15), (2.37) and the non-expansive property of projections, it follows that

e Lo < F R g 2.40
N I L (240

The right-hand side of (2.40) can be expanded in Taylor series around c* — 0, while keeping first two

terms of the expansion by using the following relation:

0 h(c)" 2 h(c)
—|h@©)|, =——5—— 2.41
where h is a vector-valued function of c. Therefore,
(ﬂ* _ﬂk)T g(xk) c ky2
BF<1- +0((c¥)?).
l* —ﬂ«k ||2 (242)
Consider the following ratio:
-1
_ _ * _ kKT =~ k
1 ak <l ak (/1 & ) g(X )—O(Ck) ] (243)

1-p¢ Py

The second term of the product in the right-hand side of (2.43) is bounded. Indeed, from the relation

(2.33) it follows that

Ay e J96O]
-2 -2

(2.44)

for any small £> 0.

For sufficiently small cX, we can assume that -&/2 < O(c") < &2, therefore,
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e (=207 5()

2 -2 o (2.45)

Assuming ||A*-1"||>&>0, and ||g(x)||<M<co, from (2.44) and (2.45) it follows that

kT Sk
0 =G0
2 /1*—/1k||

5eO] o M
—+—=<o00. (2_46)

&
0o(c") < 1*_,1k||+5< —+

Therefore, the reciprocal value in (2.43) is also bounded. On the other hand, if || 1*-1"||<e for any small
&> 0, then 2> 1", and the convergence is proved.
When the asymptotical condition (2.21b) holds, the right-hand side of (2.43) converges to zero as k — .

Therefore, the left-hand side of (2.43) converges to zero

l1-a,

1- ¥

0. (2.47)

To arrive at the contradiction, we need to show that, while the left-hand side of (2.39) is constant for a
given x, the right-hand side can be made arbitrarily small as m—oo, provided (2.47) holds. That is, it
remains to be proved that, for any predetermined and arbitrarily small value &> 0, there exists an iteration

m, satisfying

K+mg -1 .
I 7
KJ:;’: -1 <é&. (248)

IT a

Based on (2.47), o« approaches 1 faster than the entire expression in (2.47) approaches zero. Therefore,
there exists an iteration N such that for any n>N there exist a positive constant &>0, and for an arbitrarily

small positive &>0 the following conditions hold:

1-—
1_;2 <4 (2.49)
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and
l1-a, =&™n. (2.50)

From the inequality (2.49) it follows that

ﬂ_”<i(1+ﬂ_ij:i+i( _ij. (2.51)

an an

Based on (2.50), the inequality (2.51) becomes

ﬂn l 1 & _1 l & _1 l _6_1+()‘n +e 1_€5n
b Rl b Sl e e o il el (2.52)
n 1 —& &1 & 1-— & & 1— & 1— £l

Given that £>0 is arbitrarily small, (2.52) becomes

1+6
o, \l-g™n

n _ ~0%n X .
ﬂ <£14J~l—gfn <l—g]iL+én :an . (253)

Therefore, given (2.21a),

i
B _
na; i

i~
I~

a; —>0. (2.54)

i n

Thus, the inequality (2.48) is established for an arbitrary small value ¢ > 0 and iteration m,. Therefore,

(2.39) becomes

g (x)

< 5"/1* X

, (2.55)

Since &> 0 is arbitrarily small, the inequality (2.55) does not hold for a fixed iterationx. Therefore, the
inequality (2.34) does not hold for k = x+m,. This contradicts the assumption, and convergence to 1" is

proved. (]
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Based on the convergence results proved in Theorem 2.2.3, the following Corollary discusses the
convergence of the interleaved method [14] developed for separable problems. In the method, Lagrange

multipliers are updated after each subproblem is solved.

Corollary 2.2.6 The interleaved method converges with the novel stepsizing formula (2.20) provided the

conditions (2.21a) and (2.21b) hold.

Proof The interleaved method is defined for separable problems. For such problems, after constraints are
relaxed, the Lagrangian function can be represented in an additive form L = L1 + ... + Lys, and the relaxed
problem can be separated into Ns subproblems. To prove this Corollary, it is sufficient to show that the
surrogate optimality condition (2.12) holds after one subproblem is solved. Indeed, after a subproblem i

is solved to optimality, and x* is obtained, then by definition of an optimum

L (A, x) <L (1%, 8), VE. (2.56)
Since the inequality (2.56) holds for all feasible, it also holds for x**

L (A, x*) <L, (25, xf ), (2.57)
Since subproblems, other than i, are not optimized, the following equality holds

L (A xK) =L, (A XYy, (2.58)
where x** = x1, j=1, ..., Ns, j # i. Given that the problem is separable, and the Lagrangian is additive,

LA, x*) < LA X< Y, (2.59)
where x* = (x/%,..., Xi€,... Xns<D).

If the inequality (2.59) is strict, then the Corollary is proved. If the inequality (2.59) holds as an
equality, then the method proceeds by optimizing the next subproblem until the inequality (2.59) holds as

a strict inequality. If, nevertheless, after solving all the subproblems, the surrogate optimality condition is
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satisfied as an equality, this means that a surrogate dual value equals to a dual value, and a surrogate
subgradient direction equals to a subgradient direction. This can happen if A“*and A*belong to the same
facet of the dual function, and subgradient directions at iterations k and k-1 are equal. At this point, the

rest of the proof is identical to the results proved in Theorem 2.2 and Proposition 2.3. O

2.2.3. Convergence Rate of the Surrogate Lagrangian Relaxation Method

Following the general framework of standard subgradient methods [8], it is proved in Proposition 2.2.7
that when A*are not too close to A", convergence rate is linear assuming that stepsizes c* are sufficiently

small.

Proposition 2.2.7. Under the Assumption 2.1.1 [8], the new method converges with a linear rate for

sufficiently small stepsizes c¥, assuming there exists a scalar £>0 that satisfies

o~ L )22 -2 k=01.... (2.60)
and stepsizes c* satisfy
0<ch <t k=01.., (2.61)
2u
and
Ck"(j(—xk)”: 7 -2 k=01, (2.62)

u
Proof From the inequalities (2.33) and (2.60), it follows that

2

72 <1 -2 a-2et wy+ @) (2.63)

Dividing both sides of (2.63) by [ # yields
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*_2{k+l 2

(B =t <(1-2c"p)

X - ||2

Lo

i zk||2

(2.64)

Intuitively, given that stepsizes are sufficiently small, and multipliers are sufficiently far from A", the last
term is negligibly small, and the convergence rate is linear with & ~ V(2.1-2¢*4) < 1. To determine the
neighborhood of A°, to which the linear convergence can be guaranteed, the right-hand side of (2.64)

should be less than 1, that is

efsenf

(1-2cku)+ . (2.65)
07|
Under the condition (2.62), the inequality (2.65) holds. N
Remark 2.2.8. Assumptions (2.60) and (2.62) imply the following assumption on stepsizes
PUENCES) (2.66)

o

The assumption (2.66) is the condition on the stepsizes (2.13) used in the convergence proof of the
surrogate subgradient method [15]. As stated earlier, under the condition (2.66), the lower bound of the
surrogate dual is preserved per (2.16), thereby implying that the left-hand side of (2.60) is positive, and
>0 that satisfies (2.60) exists. In other words, under (2.62), assumptions (2.60) and (2.66) are

equivalent. 0

2.2.4. Practical Implementation of the Surrogate Lagrangian Relaxation

Method

This subsection discusses practical implementation aspects of our method. A constructive rule for setting
parameters ok is developed in Proposition 2.8 and proved to satisfy conditions (2.21a) and (2.21b)
required for convergence to A” without requiring q°. Lastly, an algorithm of the method is presented.
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Proposition 2.2.9 The stepsize-setting parameters « can be updated as follows to ensure that the

multipliers converge to A"

1 1
— P=1o5 M 210<r <l k=23, (2.67)

o =1 o

Proof Step 1: To show that stepsizes (2.22) converge to zero, it is sufficient to show that the following

product converges to zero

Kk Kk 1
il;{ai ZH( —WJ (268)

For the ease of the proof, convergence of (2.68) to zero will be established by proving that the natural
logarithm of (2.68) converges to -co. After taking the logarithm of the product (2.68), it becomes the sum

of the logarithms

Iog(ﬁ ocij:iillog(ozi ):élog(l—ﬁ]. (2.69)

i=1

Indeed, as i — oo, the first term of the Taylor series expansion of Iog(l—%j is —ﬁ . Therefore, the
|

sum (2.69) converges to -oo, and stepsizes (2.22) converge to zero.

Step 2: To show that condition (2.21b) of Theorem 2.1 holds, given (2.67), condition (2.21b) can be

rewritten as

c* ~ili(1_ 1 j (2.70)

As before, it will be shown that that the logarithm of (2.70) approaches -co. Consider the logarithm of the

right-hand side of (2.70)

22



1 k 1
Iog(mj—élog(l—wj. (2.71)

To prove the asymptotical condition (2.21b), it is sufficient to demonstrate that

Iog(l— Mtp J:o(% Iog( Mtp ]J (2.72)

Given that p — 1 as k — oo, the following relation holds:

(2.73)

Using the L’Hopital’s rule leads to

|Og l_i i'og l_i
. Mk . odk Mk . k
lim = lim

fim — [lJ wd(l [1D=!m(1_kal_.og(Mk»-

(2.74)

Mk

dk

—lo Zlo
g g MK

k k

Applying L’Hopital’s rule one more time yields

: k : : 1
| =1 =—lim ————=0.
i (1— Mk )1 - log(Mk)) ApErY log(Mk) M log(Mk) (2.75)

As proved in the steps above, c* — 0, and the condition (2.21b) holds. Therefore, convergence of

multipliers to A" is proved. 0
The entire algorithm can be summarized in the following steps:

Step 0: Initialize multipliers A° obtain x° by optimizing the relaxed problem, estimate gof q° by using

best heuristics available for a particular problem, initialize c®according to
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o G-LEx0)

ol (2.76)

Step 1:Update ox, for example, by using (2.67). For given values (c, X¥), update stepsizes c* according to

(2.20). For given values (x¥, A%, c*), update multipliers according to (2.14)-(2.15) to obtain A***,

Step 2:For the given A**', minimize the Lagrangian function until the surrogate optimality condition
(2.12) is satisfied. As a special case, for separable problems, it is sufficient to optimize just one

subproblem (Corollary 2.5).

Step 3:Check stopping criteria; CPU time, number of iterations, surrogate subgradient norm, distance
between multipliers, etc. If stopping criteria are satisfied, then go to Step 4. Otherwise, go to Step

1.

Step 4:Obtain feasible solutions. Problem-specific heuristics may be used to obtain feasible costs while a
dual value provides a lower bound on the optimal cost. A duality gap can then be calculated by

using the best available feasible cost and the largest available dual value.

As proved before, at convergence of multipliers, a surrogate dual value converges to a dual value. If
the algorithm is terminated before convergence, a dual value can be obtained by fully optimizing the
relaxed problem. In Section 2.3, it will be demonstrated that owing to reduced computational
requirements, the new method can obtain a better dual value, a better feasible cost and a lower duality gap

as compared to other methods.

2.3.  Numerical Testing

The purpose of this section is to compare the surrogate Lagrangian relaxation method with other methods
that are used for optimizing non-smooth dual function such as the subgradient-level method and the
incremental subgradient method. In Example 2.3.1, a small nonlinear (quadratic) integer problem is

considered to demonstrate that, surrogate subgradient directions frequently form small acute angles with
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directions toward the optimal multipliers, thereby alleviating the zigzagging issues that often accompany
the subgradient method. In Example 2.3.2, linear integer generalized assignment problems are considered
to demonstrate that the new method is capable of handling large separable optimization problems. It is
then demonstrated that when simple heuristics are used to adjust relaxed problem solutions to obtain
feasible costs, the method is capable of reducing the duality gap as compared to other methods such as the
incremental subgradient method. In Example 2.3.3, nonlinear integer quadratic assignment problem is
considered to demonstrate the quality of the method for optimizing non-separable non-smooth dual
problems, and the method is compared with the subgradient-level method. The new method is
implemented using CPLEX 12.2 on Intel® Xeon® CPU E5620 (2.12M Cache, 5.86 GT/s Intel® QPIl) @

2.40GHz (2.2 processors) and 36.00 GB of RAM.

Example 2.3.1. A Nonlinear Integer Problem Consider the following nonlinear integer optimization

problem
: 2 2 2 2 2 2
{lexzvxaxmlsr?xa}dw{o {0.5x1 +0.1x; +0.5x5 +0.1x; +0.5%; +0.1x4 } (2.77)
S.t. 48 —x, +0.2x, — X, +0.2x, — %5 +0.2x, <0, (2.78)

250 —5X%, + X, —5X; + X, —5X; + X, <0.

After constraints (2.78) are relaxed by the multipliers A1 and Az, respectively, the Lagrangian function

becomes

L(Xy, Xgs Xgy Xy, Xg, Xg, Ayy 45) = 0.5%2 +0.1xZ +0.5%2 +0.1xZ + 0.5%7 +0.1xZ +

2.79)
2,(48 — %, +0.2X, — X5 +0.2X, — X +0.2Xg )+ 4, (250 —5X, + X, — 5%, + X, — 5X; + X, 1

Given that the objective function and coupling constraints in (2.77)-(2.78) are of an additive form, the

relaxed problem can be separated into six individual subproblems:
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L(Xl,XZ,X3,X4,X5,X6,11,ZZ)=

6{(0.5xf — A% —52,%,) + (0.1x2 + 0.24,X, + 1,X,) + (2:80)
(0.5%2 — A, X5 —54,X3) + (0.1x2 +0.24,X, + A,X,) + (0.5%2 — 4, X, —51,%;) +

(0.1xZ +0.22, X, + A,%;) + 484, + 250 4, }.

To compare subgradient and surrogate Lagrangian relaxation methods, the stepsizing formula (2.20)
is used to update the multipliers within both frameworks. The stepsize is initialized according to (2.76)
by using an optimal value of the LP relaxation of (2.77)—(2.78), as an estimate of q". In the subgradient
method, the relaxed problem (2.80) is optimized with respect to all {xi}, i =1, ..., 6. Since the relaxed
problem (2.80) is separable, individual subproblems can be solved individually. In this example, three
out of six subproblems are solved per iteration to obtain surrogate subgradient directions. The multipliers
A1 and A, are updated 18 iterations within the subgradient framework and 36 iterations within the
surrogate Lagrangian relaxation framework. In both frameworks, each subproblem is solved 18 times.

The trajectories of the multipliers are shown in Figs. 1 and 2.

35 -
N 9(x)
25 /
< | [ VYV VY
, ﬂ,k ——————————————————————— ﬂ*
A* Ak —~-—x
15 |
1 ‘ |
0 1 2 3 Yoad i 7 8

Figure 2.3.1. Trajectories of the multipliers using the subgradient method

Figure 2.3.1 demonstrates that the subgradient directions g(x*) are frequently almost perpendicular to
the directions A™-1* toward A" (respective directions are shown in Figure 2.1 by solid and dashed arrows),

and the multipliers zigzag causing slow convergence.
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Figure 2.3.2. Trajectories of the multipliers using the surrogate subgradient method

In contrast, the surrogate directions g(x*) (shown by a solid arrow in Figure 2.3.1) are smoother and

frequently form smaller angles with the directions A"-A* toward 1" (shown by a dashed arrow in Figure

2.3.2), thereby alleviating zigzagging and leading to faster convergence.

Table 2.3.1. Comparison of the Subgradient and Surrogate Optimization Methods

Number of Distance to
Method CPU time (s)
iterations the optimum
Subgradient method 18 2.75 3.574777
Surrogate optimization
36 1.62 0.798711
method

Table 2.3.1 demonstrates that within the surrogate Lagrangian relaxation framework, the multipliers
move closer to A" as compared to the multipliers updated by using subgradient directions, thereby
reducing the number of iterations required for convergence. In addition, since the relaxed problem is not
fully optimized in the new method, the surrogate subgradient directions are easier to obtain. This also

leads to faster convergence in terms of the computation time.

27



Example 2.3.2. Generalized Assignment Problems. In generalized assignment problems, the total cost
for assigning a given set of jobs to available machines is minimized. Each job is assigned to one
machine, and the total processing time for all jobs assigned to a machine should not exceed the machine’s

time available. Mathematically, the generalized assignment problem is formulated in the following way:

1 J
min lelg”xi'j , X,;€{01}, 9,,20,8,20b,20, (2.81)
Xi,j i=1j=
I -
st. Y& ;% ;<b;,j=1..,J, (2.82)
i=1
J -
_ 1xi'j =li=1..,1, (2.83)
=

where 1 is the number of jobs and J is the number of machines, a;; is time required by machine j to
perform job i and g;;is cost for assigning job i to machine j. Capacity constraints (2.82) ensure that the
total amount of time, required by the jobs to be performed on a given machine, does not exceed the
machine j’s time available bj. Constraints (2.83) ensure that each job is to be performed on one and one

machine only. For more details, refer to [24-31].

Since the objective function of (2.81) and constraints (2.82)-(2.83) are of an additive form, after
relaxing constraints (2.83) by introducing the Lagrange multipliers, the problem is formulated in a

separable form

oL J | .
q(;t):rglrjj jzﬂg(g” +;ti) Xi | —Ezi , St Eahjx” gbj, j=1..,J,

(2.84)
6{0,1}, 9i; >0, a . >0, bj >0.

L

As proved in Corollary 2.2.6, optimization with respect to only one subproblem is sufficient to satisfy

the surrogate optimality condition
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_lz(igi,jxik,j +’1r+l(ixik,1 _1D' (2.85)

As discussed earlier, the accompanying computational effort is approximately 1/J per subproblem

compared to the effort required to fully optimize the relaxed problem and obtain subgradient directions.

Comparison to Standard Methods for Non-Smooth Optimization To demonstrate the quality of the
surrogate Lagrangian relaxation method, it is compared to existing methods available for optimizing non-
smooth dual functions, such as the simple subgradient method, the simple subgradient-level method, and
the incremental subgradient method. The comparison to the last two methods is especially important,

since they do not require g for convergence to A",

The Simple Subgradient Method In the method [22], the relaxed problem (2.84) is fully optimized, and
stepsizes are updated according to the following relation

UB - q(4")
o0

O<cf<a

L O<a<2, (2.86)

where UB is the best feasible cost available at iteration k.

The Simple Subgradient-Level Method In the method [7], the relaxed problem (2.84) is fully
optimized, and stepsizes are updated according to the following relation

q* +0, —q(2)
ooy

O<ck<a ,0<a<?2. (2.87)

The Incremental Subgradient Method In the method [8], each subproblem is solved to optimality.
After each problem is optimized, multipliers are updated and stepsizes are updated, similarly to the

subgradient-level method, according to
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q* + 5, —q(2)
o]

0<c<a

0<a<2, (2.88)

where n is the number of subproblems, g is the best dual value obtained up until iteration k, and & is a
parameter that decreases by a factor of 2 every time a significant oscillation of multipliers is detected, that

is when multipliers “travel” a distance exceeding a predetermined value B
o, >B, (2.89)

where
o =0y +A =27 (2.90)

Once significant oscillations are detected, and condition (2.89) is satisfied, ox is reset to 0. For more

information, refer to [7, 8].

For a fair comparison of the methods, each subproblem is solved exactly once per iteration. For
example, within the subgradient method, minimization of the relaxed problem counts as one iteration. In
the incremental subgradient method, one iteration is complete once each subproblem is solved exactly
once. In the new method, 10, 2 and 1 subproblems were chosen to be solved for instances
GAPd801600, GAPd201600, and GAPd15900°, respectively. Therefore, for these instances the number

of sub-iterations is 8, 10, and 15, respectively.

® For the GAP15900 instance, the implementation of the new method may resemble that of the interleaved method [14] since only one
subproblem is optimized at a time. The important difference between the new method and the interleaved method is the stepsizing formula.
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Comparison for GAPd801600

1000000 -
100000
c The new method with
s 10000 M =25,r=0.06
B oW TN\ e Simple subgradient
§ 1000 level method
% 100 ----=--- Simple subgradient
2 method
[
P 10 — ——~ Incremental
subgradient method
1
0.1 -

Iteration number

Figure 2.3.3. Comparison of the surrogate Lagrangian relaxation method with parameters M =25and r =
0.06 against: 1) the simple subgradient method with « = 1; 2) the subgradient-level method with
parameters & = 100000 and B = 1000; 3) the incremental subgradient method with parameters & =

100000 and B = 1000

Comparison for GAPd201600

1000000 -
100000
————— Simple subgradient
10000 level method
----=--- Simple subgradient
1000 method

— —+—- Incremental
subgradient method

The new method with
M =25,r=0.06

100

10

Distance to the optimum

1

0.1

0.01 -

Iteration number

Figure 2.3.4. Comparison of the surrogate Lagrangian relaxation method with parameters M =25and r =
0.06 against: 1) the simple subgradient method with « = 1; 2) the subgradient-level method with & =

100000 and B = 500; 3) the incremental subgradient method with parameters & = 100000 and B = 1000
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Comparison for GAP15900
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----=--- Simple subgradient
method
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Method

New method with M = 25,
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Figure 2.3.5. Comparison of the surrogate Lagrangian relaxation method with parameters M = 25 and

r = 0.06 against: 1) the simple subgradient method with a=1; 2) the subgradient-level method with

parameters & = 50000 and B = 750; 3) the incremental subgradient method with parameters & = 50000

and B =750

Figures 2.3.3-2.3.5 demonstrate performance of the surrogate Lagrangian relaxation method, as

compared to subgradient methods.® Numerical results indicate that within the incremental subgradient

framework, multipliers approach A" slowly, since stepsizes decrease to zero slowly. This happens

because as stepsizes decrease, it takes more iterations for multipliers to “travel” distance B. This leads to

slow convergence when multipliers move closer to A". For a similar reason, convergence of the

subgradient-level method can be slower as compared to the surrogate Lagrangian relaxation method.

Since duality gaps of generalized assignment problems are typically small, a feasible cost can provide a

reasonably good approximation of g~ within the simple subgradient method. However, convergence to A

does not occur. The following figure demonstrates a comparison of duality gaps obtained by the new

method and the incremental subgradient method for the GAP d201600 instance.

& Performance of all methods in Figures 2.3-2.5 is tested by comparing distances to multipliers obtained by a subgradient method with non-

summable stepsizes [22] after sufficiently many iterations (>20000).
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Figure 2.3.6. Comparison of the surrogate Lagrangian relaxation method with parameters M = 20 and
r = 0.1 against the incremental subgradient method with parameters & = 500 and B = 15 for solving the
GAPd201600 instance

As demonstrated in Figure 2.3.6, owing to the reduced computational effort, in the new method the
dual value increases faster, and with the help of heuristics, feasible costs obtained are better, as compared
to the incremental subgradient method. As a result, the duality gap obtained by using the new method is
smaller than the gap obtained by using the incremental subgradient method.
Example 2.3.3. Quadratic Assignment Problems The objective of the Quadratic Assignment Problem
(QAP) of order n is to find the best allocation of n facilities to n locations. Formulated in 1957 by [32],
the problem has been applied to planning of buildings in university campuses [33], arrangement of
departments in hospitals [34], scheduling parallel production lines [35], and ranking of archeological data
[36]. It has also been shown that QAPs can be applied to the field ergonomics to solve the typewriter
keyboard design problem [37]. Mathematically, the quadratic assignment problem can be formulated as

an integer programming problem:

mn ¥ Sd,fox Xn1 » X;; €101}, d;y 20, f

ih "%
Xi, X1 L] il 1L

i1 20, (2.91)
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st. 2x;=Lj=L..,n, (2.92)

ixi,j =li=1..,n, (2.93)

where n is the number of facilities and locations, diy is the distance between location i and location h, fj, is
the weight/flow between facility j and facility I (the net transfer of goods/supplies from facility j to I).
Intuitively, two facilities with high flow should be built close to each other. Binary decision variables x;;
corresponds to facility i being placed in location j iff x;j = 1. Assignment constraints (2.92) and (2.93)
ensure that one and one facility only can be assigned to a specific location.

The problem formulation (2.91)-(2.93) is non-separable because of the cross-product of decision
variables in the objective function of (2.91). For a fair comparison of the methods, after the problem is
linearized, branch-and-cut is used to obtain approximate solutions of the relaxed problem for the
surrogate Lagrangian relaxation method and exact solutions of the relaxed problem for the subgradient-
level method.

After relaxing constraints (2.93) by introducing Lagrange multipliers, the relaxed problem becomes:

min {z S din FuXe X +i/’t{ixm —1)},31. X, €101} and (2.92). (2.94)
i=1 j=1

Xi, %0 |, j=Lh 1=

Since decision variables xi;j and xn, are binary, feasible region for the product x;j-xn: consists of the
four points: (0,0), (0,1), (1,0), and (1,1). Moreover, the product takes on the value of 1 if and only if both
decision variables equal to 1. Based on this observation, the relaxed problem can be equivalently

rewritten in a linear form as:

n

min {i i dipfiFiin +i/1i[2 Xi | —lj}, st X e{O,l}, Fiint 2 X5+ % -1
i=1 1

Xi,jXh,1Fi jhl i, j=1h,I=1 j=

and (2.92).

(2.95)

To obtain subgradient and surrogate multiplier-updating directions, the linear problems formulation

(2.95) is optimized by using branch-and-cut. In the subgradient method, the relaxed problem (2.95) is
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fully optimized. In the surrogate Lagrangian relaxation method, the relaxed problem (2.95) is optimized

approximately subject to the surrogate optimality condition:
Lk
(in,j _1)' (2.96)

In practice, the inequality (2.96) can be operationalized within the commercial solver CPLEX. Given

k

initial values x'i‘].and Fin

as a warm MIP start, once branch-and-cut finds one solution that is strictly

k

better than x'i‘].and Flin

optimization stops, the surrogate optimality condition is satisfied by definition,

and surrogate multiplier-updating directions are computed by using xikf .

10000 -+ .
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and r=0.2
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g = 4000 and B = 2000
.g Simple Subgradient
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Figure 2.3.7. Comparison of the surrogate Lagrangian relaxation method with parameters M = 10 and
r = 0.2 against the subgradient-level method with parameters: 1) & = 2000 and B = 6000; 2) & = 4000

and B = 2000, and 3) & = 10000 and B = 1600 for the QAPChr20a instance [38].

Figure 2.3.7 demonstrates performance comparison of surrogate Lagrangian relaxation and the
subgradient-level method. In the surrogate Lagrangian method, multipliers converge to the optimum with
tolerance 0.001 within 800 iterations. In the subgradient-level method, parameters & and B can be chosen

to ensure fast convergence within first 200 iterations. However, as stepsizes decrease, it can take many
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iterations for multipliers to “travel” distance B, thereby leading to slow convergence as multipliers

approach A",

Example 2.3.4: Unit Commitment and Economic Dispatch problem with Combined Cycle units.
The objective of the unit commitment and economic dispatch problem with conventional and combined
cycle units is to commit units to satisfy the total system demand and reserve requirements by minimizing
the total bid cost, consisting of the total cost on energy, spinning reserve and start-up cost while following
transitions among combined cycle states. Transmission capacity, ramp-rate, and minimum up and down
time constraints will not be considered for simplicity. Consider a market with | supply bids. Each bid
corresponds to either a conventional unit, or to a combustion/steam turbine generator that comprises a
combined cycle unit. Each bid indexed by i consists of energy and spinning reserve bidding prices ¢ and
ci°, startup costs Si, maximum and minimum generation levels pFimax and pSimin and maximum levels for
spinning reserve p*imax. Energy bids can be modeled for each hour by up to ten blocks of energy with

monotonically non-decreasing prices.
a. Generation Capacity Constraints

The energy and spinning reserve continuous decision variables corresponding to each bid i are denoted
by pit(t) and pi°(t), respectively. Energy and spinning reserve allocation status binary decision variables
are denoted by xF(t) and x;°(t). The relationship between these decision variables can be summarized as

the following individual unit capacity constraints:

X () Pimin < PF(©) <X () Pimacs (2.97)
0< P (t) <% () Pinacs (2.98)
P+ P () < Pinax- (2.99)

The startup cost Si(t) is incurred if and only if the unit i has been turned “on” from an “off” state at

hour t
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U (1) = x5 (1) - xF (t-1). (2.100)

b. Energy Demand and Reserve Requirement Constraints

The total power generated by units satisfying (2.97)-(2.99) should be equal to the system demand and

satisfy total spinning reserve requirements PPS(t) at each hour t:

|
> pr () =P"° (1), (2.101)
I S DS
2 pr =P (). (2.102)
State State
2CT+1ST 2CT+1ST
1CT+1ST 1CT+1ST
2CT 2CT
1CT 1CT
None None

Figure 2.3.8. Transitions among the states in a combined cycle unit

c. Combined Cycle Transitions

Combined cycle unit can operate at multiple configurations of CTs and STs. However, transitions
among configurations may be constrained. For example, steam turbines (ST) cannot be turned on if there
is not enough heat from combustion turbines (CTs). Transition rules [1], [2] for a configuration

2CT+1ST are summarized in Figure 2.3.8.

Therefore, to model CC units, in addition to constraints (2.97)-(2.100), constraints that capture such
transitions are required. Transitions can be modeled by using logical operators such as AND, OR, and =

(logical implication). For example, a transition from 1CT to 2CT can be modeled as
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(Xer, (t1) =1 AND X 1, (t-1) = 0 AND X (t-1)= 0) OR
(t1)=0)=

XCT:l
(XCTZ(H-) =1AND Xcri(t'l) =0 AND X ¢ 1) (2.103)
(XCTZ(t):l AND ch(t) =1AND X (t): 0)
Other transitions can be modeled in a similar fashion, and for brevity of explanation are not shown. Such

logical expressions can be linearized using the following relations:

aa=1ANDa; =0 ai+1l-a,=2, (2.104)
a=0=>b=0<-Ma<b<Ma, (2.105)
ar<hiORa<h, &

(2.106)

a1 < bi+M-z1; ar < bo+M-25; 21+2,=1.

where z1 and z; are binary decision variables.

In addition, the output of a ST is typically no more than 50% of the total CT output within one CC

unit. For example, for a configuration 2CT+1ST:

P (1) <% (Pers (V) + Pero @) (2.107)

The objective of the UCED problem with conventional and CC unit is to minimize the total bid cost:

[ Se(n 0+ 550,0) (2.108

i=1\t=1

while satisfying all constraints (2.97)-(2.107).

The combination of SLR and B&C is implemented by using CPLEX 12.5.1 on Intel® Xeon® CPU E5620
(2.12M Cache, 5.86 GT/s Intel® QPI) @ 2.40GHz (2.2 processors) and 36.00 GB of RAM. Small- and
medium-size instances are considered first to demonstrate that even in the presence of a few CC units,
performance of B&C is poor as compared to performance of the combination of SLR and B&C. A large-
scale UCED problem with 10 CC and 300 conventional units is then considered to demonstrate that the
method is capable of efficiently solving large instances, and the new method is compared with branch-

and-cut.
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Table 2.3.2. Bid Data for Example 2.3.4

Bid price| Startup | Pmax | Pmin
Unit
($/MW) | cost ($) | (MW) | (MW)
CT1 30 1200 455 100
CCunitcta | 34 | 1150 | 350 60
ST 35 1100 300 50
1 37 1000 200 30
2 40 350 350 40
3 42 350 320 40
4 45 300 240 30
" 5 47 300 200 30
é 6 55 180 190 20
c
'é 7 57 180 180 20
§ 8 58 175 170 20
9 59 160 160 20
10 60 250 150 20
11 62 200 140 20
12 63 150 130 20

Small and Medium-Sized UCED problems with Combined Cycle Units. UCED problems with several
conventional and several CC units are considered. For simplicity, only energy product is considered. The
bid data for an instance with 1 combined cycle and 12 conventional units is based on the data used in [13]

and are shown in Table 2.3.2. System demands for each hour are shown in the following Table 2.3.3.
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Table 2.3.3. Demand Data for Example 2.3.4

Hour 1 2 3 4 5 6 7 8 9 10 11 12

Demand | 1667 | 1700 | 1713 | 1687 | 1767 | 1800 | 1787 | 1827 | 1900 | 1933 | 2333 | 2467

Hour 13 14 15 16 17 18 19 20 21 22 23 24

Demand | 2533 | 2600 | 2800 | 2833 | 2933 | 3000 | 2733 | 2567 | 2267 | 1800 | 1533 | 1567

Other instances are created by sequentially adding CT2 and ST to each of the conventional units

starting from unit 1, and the results are shown in Table 2.3.4.

Table 2.3.4. Results for Small and Medium-Sized UCED problems of Example 2.3.4

Methods
Number of CC
B&C SLR + B&C
units, number of
CPU MIP CPU Duality
conventional units | Cost ($) Cost ($)

time (s) | Gap (%) time (s) | Gap (%)
1,12 1,956,032 0.51 0 1,956,032 12 0.081
2,11 1,818,190 0.41 0 1,818,190 28 0.042
3,10 1,767,335 2.25 0 1,767,385 28 0.037
4,9 1,759,714 600 0.37 1,746,158 71 0.068
6,7 1,762,870 600 1.18 1,760,860 77 0.1

Table 2.3.4 demonstrates that even as the number of CC units increases to 4 CC units, performance of

B&C degrades.

Large-Scale UCED problem with Combined Cycle Units
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In this example, a UCED problem with 300 conventional and 10 CC units is considered. For

simplicity, only energy product is considered.

Table 2.3.5. Results for Large-Scale UCED of Example 2.3.4

Feasible Lower CPU Time
Method Gap (%)
Cost Bound (min)
B&C 50,260,500 | 45,305,200 | 9.859 30
SLR + B&C | 49,894,806 | 49,879,027 | 0.032 5

This example demonstrates that the combination of SLR and B&C not only can efficiently solve the
relaxed problem thereby reducing CPU time and ensuring a good lower bound, but also can obtain a good

near-optimal cost.

Example 2.3.5. Unit Commitment and Economic Dispatch with Combined Cycle Units and
Transmission Capacity Constraints. In this example, to demonstrate efficiency of the new method, the
Unit Commitment and Economic Dispatch problem with combined cycle units [39]-[40] and transmission
capacity constraints will be considered. The Unit Commitment and Economic Dispatch problem seeks to
minimize the total cost consisting of the total generation and the total start-up costs by determining which
generators to commit and deciding their generation levels that satisfy generator capacity, ramp-rate and
minimum up- and down-time constraints [41]-[42] and following transitions among states of combined
cycle units while meeting the demand P;° at each node i and satisfying transmission capacity fimax in each

transmission line |. The constraints are formulated as follows:
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Generation Capacity Constraints: Status of each bid’ mi (= 1, ..., Mj) at node i (= 1, ..., I) indexed by
(i,mi) is modeled by binary decision variables x; .,y (t): x(im,)(t) = 1 indicates that the bid was selected,
and x(;,)(t) = 0 otherwise. If the bid is selected, energy pm,(t) output should satisfy

minimum/maximum generation levels:

X(i,mi)(t) p(i,mi)min < p(i,mi)(t) < X(i,mi)(t) p(i,mi)maX' (2109)

The startup cost S; m,y(¢) is incurred if and only if the unit i has been turned an ‘on’ from an ‘off’

state at hour t

St (0 2 S ) X ) (0= X o (E-D) (2.110)

Ramp-rate constraints ensure that the increase/decrease in the output of a unit does not exceed a pre-

specified ramp-rate within one hour.

Minimum up- and down-time constraints ensure that a unit must be kept online/offline for a pre-
specified number of hours. Formulation of ramp-rate and minimum up- and down-time constraints can be

found in [41].

Transitions within Combined Cycle Units: Combined cycle units can operate at multiple configurations
of combustion turbines (CTs) and steam turbines (STs). However, transitions among configurations may
be constrained. For example, steam turbines cannot be turned on if there is not enough heat from
combustion turbines. Transition rules [39]-[40] for a configuration with two combustion turbines and one

steam turbine (2.2CT+1ST) and their linear formulation can be found in [43]-[44].

Demand Constraints: Committed generators need to satisfy energy nodal load levels Pi°(t) either locally
or by transmitting power through transmission lines. The total power generated should be equal to the

system demand:

" Each bid corresponds to either a conventional unit, or to a combustion/steam turbine generator that comprises a combined cycle unit.
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>3 PO =2R°0). (2.111)

i=lm=1

Power Flow Constraints: The power flow f;, 5,)(t) in a line that connects nodes b; and b, can be

expressed as a linear combination of net nodal injections of energy:

Q1) (:ﬁlpﬁ,m)(t)— F%D(t)j- (2.112)

|
i=1

e (t) =

Power flows in a line are essentially a linear combination of nodal injections with weights being a/',
referred to as ‘shift factors.’
Transmission Capacity Constraints: Power flows in any line cannot exceed the transmission capacity

fimax Which for simplicity is set to be the same for each direction

~Fouspmax = Tioy) () = T maxc - (2.113)

Objective Function. The objective of the UCED problem with conventional and combined cycle unit is

to minimize the cost consisting on the total bid and start-up costs:

I M1 T
2 Z(Zc(i,mi)(F’(i,mi)(t)'t)+ 2 Su,mi)) (2.114)

i=1m=1\t=1 t=1

while satisfying all constraints mentioned before.

Testing IEEE 30-bus system [45]. To test the new method, consider the IEEE 30-bus system that
consists of 30 buses (I = 30) and 41 transmission lines (L = 41). The original data are modified so that
each bus numbered 1 through 10 has exactly one combined cycle unit (M; = 1), and each of the buses 11
and 12 has exactly one conventional generator.

To solve the problem, only nodal demand constraints (2.111) are relaxed and the relaxed problem

becomes:
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i T

(éc(i,mi )(p(i,mi)(t)’t)+£8(i,mi i )(t))+:21/1(t)(i|21 :Z:ilp(i,m)(t) —ilglpi ° (t)], (45)

1

M§

s
i=1

3
Il

subject to all constraints mentioned before with the exception of nodal demand constraints (2.111).

A subproblem at iteration k can be written as:

T T T K 1 Mj
Eﬂnmi>(P(i,mi)(t)'t)+t§15<i.mi>“<i,mi)(t)+Eﬂ 2 2 Pim(®) ) (46)
subject to
[ Mj i Mj
~ Fovogimen < 23007) ( > plim(t)-P D(t)] * 8oy 1) .(Elp(ivmi)(t)_ R® (t)) < ypgmar (47)

j

Performance of the new method is compared to that of branch-and-cut, and the results are demonstrated in

Figure 2.3.9.
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Figure 2.3.9. Comparison of the new method and branch-and-cut for the unit commitment problem

Figure 2.3.9 shows that without full decomposition, the new method obtains a good feasible solution
within 10 minutes of clock time. Upon comparison with the integration of surrogate Lagrangian

relaxation and branch-and-cut with full relaxation, the new method converges faster judging by the
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quality of the lower bound, and the method obtains better feasible solutions. Performance of the method

is also much better as compared to that of standard branch-and-cut.

2.4. Conclusions

The major breakthrough of this section is on the development of the novel Surrogate Lagrangian method
and its convergence proof without requiring the optimal dual value and without fully optimizing the
relaxed problem. Stepsizes that guarantee convergence without requiring the optimal dual value have
been obtained. Under additional assumptions, convergence rate of the new method is proved to be linear.
Also, at convergence of the multipliers, the new method generates a valid lower bound. Numerical results
demonstrate that the method reduces computational requirements by reducing the effort required to obtain
surrogate directions and by alleviating zigzagging of the multipliers. From the application point of view,
an important extension of the method would be its combination with other methods in order to efficiently
solve mixed-integer programming problems. In particular, the future work would be to prove that the
method can be combined with branch-and-cut in order to efficiently solve mixed-integer linear
programming problems by exploiting both separability and linearity, thereby resolving the difficulties that

frequently accompany pure branch-and-cut.
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Chapter 3

Augmented Surrogate Lagrangian Relaxation for Mixed-Integer

Programming Problems

For many important mixed-integer programming (MIP) problems, the goal is to obtain near-optimal
solutions with quantifiable quality in a computationally efficient manner (within, e.g., 5, 10 or 20
minutes). An important subclass of MIP problems include “block-structured” [1] mixed-integer linear
programming (MILP) problems, which can be viewed as multiple subsystems interconnected through
system-wide coupling constraints. Examples include Generalized Assignment problems [2, 3], Location-
Routing problems [4-7], and Unit Commitment and Economic Dispatch problems [8-14]. Linearity can
be exploited by branch-and-cut [15-17], and separability can be exploited by Lagrangian relaxation [3,
18-22]. For example, after relaxing assignment constraints, Generalized Assignment Problems can be
decomposed into machine subproblems [2, 3], and Unit Commitment and Economic Dispatch problems
can be decomposed into unit subproblems after relaxing system demand constraints [8-14]. However,
time required to obtain solutions with good quality by branch-and-cut and Lagrangian relaxation is
frequently large [23-24]. Such difficulties arise because of fundamental difficulties as will be explained
ahead.

Branch-and-Cut To solve MILP problems, branch-and-cut [15-17] attempts to obtain the “convex hull”
by using “facet-defining” cuts. Then the optimal solution is obtained at one of the vertices of the convex
hull. One way to obtain facets of the convex hull is by using “lift-and-project” cuts [25-32]. Another
way to obtain facets of the convex hull is by using Gomory cuts [33-38]. Cuts are created after linearly

combining constraints and then rotating and shifting resulting hyperplanes. When solving block-



structured MILP problems, the method does not exploit “block structures,” and constraints within one
block are handled globally thereby affecting the solution process of the entire problem and leading to
slow convergence. When the convex hull has complicated facial structures, facet-defining cuts are
difficult to obtain, and the method relies mostly on time-consuming branching operations [39-40]. These
difficulties have been vividly demonstrated for unit commitment problems with combined cycle units that
arise in power systems [41-42].

Lagrangian Relaxation and Surrogate Lagrangian Relaxation The “block structure” can be exploited
within Lagrangian relaxation, and complexity of resulting subproblems and associated convex hulls is
drastically reduced. However, the method may require significant computational requirements and suffer
from slow convergence because frequently used subgradient methods [8-14, 43-50] requires solving all
subproblems to update Lagrange multipliers. These computational difficulties have been overcome by the
surrogate subgradient method without solving all subproblems [51]. Resulting surrogate subgradient
directions are smoother and form smaller acute angles toward the optimal multipliers as compared to
subgradient directions, thereby alleviating zigzagging and reducing the number of iterations required for
convergence. However, convergence proof and practical implementations of the method critically require
the knowledge of the optimal dual value, thereby leading to major convergence difficulties. These
difficulties have been overcome by our recently-developed Surrogate Lagrangian Relaxation method [52].
The difficulty of the method is that levels of constraint violations may not reduce fast enough.

Method of Multipliers (“Augmented Lagrangian Relaxation”) To accelerate the reduction of violation
levels of relaxed constraints, the method of multipliers (referred to as “Augmented Lagrangian relaxation”
(ALR)) [53-57] was proposed in the late 1960s by Hestenes [53] and Powell [54] whereby constraint
violations are penalized by introducing quadratic penalty terms. Under assumptions of convexity and
smoothness of the objective function and constraints, convergence has been established [55]. The ALR
method has been used for MILP [57] problems and it has been shown duality gap approaches zero.

However, the associated computational effort may be large because of the combinatorial nature of the



problems. While Augmented Lagrangian relaxation has been one of the fastest methods, because of the

introduction of quadratic penalty terms, the relaxed problem is nonlinear and non-separable.

In this Section, to solve MIP problems to obtain near-optimal solutions with quantifiable quality and
within strict time limits, a novel solution methodology is developed. In Section 3.1, the surrogate
Augmented Lagrangian relaxation methodology is developed based on our recent Surrogate Lagrangian
Relaxation with major improvements on convergence through the introduction of quadratic penalty terms
as motivated by the fast convergence of Augmented Lagrangian relaxation.

In Section 3.2, when specializing to solving MILP problems by using the surrogate Augmented
Lagrangian relaxation method, existing linearization methods and their difficulties are presented. To
preserve fast convergence characteristics of surrogate Augmented Lagrangian relaxation while exploiting
linear solvers, the augmented relaxed problem is linearized through the novel V-shape linearization
scheme that preserves positions of minima.

In Section 3.3, when further specializing to solving block-structured MILP problems, the linearized
relaxed problem is decomposed into smaller subproblems with exponentially reduced complexity as
compared to the original problem thereby drastically reducing computational requirements. Moreover,
analytical subproblem solutions are obtained thereby making the reduction of computational requirements
even more drastic.

In Section 3.4, key steps of the algorithm for solving MIP and MILP problems will be provided
together with an explanation of the process of obtaining of feasible solutions and the development of
novel guidelines for selecting penalty coefficients. Computational efficiency of the new method is
improved by exploiting the novel observation that after multipliers are updated, subproblem constraints
do not change. Correspondingly, subproblem convex hulls never change. In an ideal situation, if such
invariant convex hulls are obtained and kept, subproblems become LP problems and can be solved very

efficiently without further cutting



In Section 3.5, efficiency of whole-problem and subproblem cuts is discussed. In particular, it is
proved that under fairly reasonable assumptions, efficiency of subproblem cuts is equivalent to that of
whole problem cuts.

In Section 3.6, it is demonstrated numerically that convergence of the new method is more stable as
compared to standard subgradient methods. When solving large-scale MILP problems whereby convex
hulls are difficult to obtain such as generalized assignment problems and unit commitment problems with
combined cycle units, it is demonstrated the new method is robust and much more efficient as compared
to frequently-used branch-and-cut and our recent surrogate Lagrangian relaxation, and represents a major

step forward to solve difficult MILP problems.

3.1. Mixed-Integer Programming and Surrogate Augmented Lagrangian

Relaxation

After presenting a mixed-integer programming (MIP) problem, motivated by fast convergence of
Augmented Lagrangian relaxation (ALR) [53-57], surrogate Augmented Lagrangian relaxation (SALR)
will be developed whereby complexity involved in solving relaxed problems will be reduced by requiring
the “surrogate subgradient condition,” which guarantees that surrogate subgradient directions form acute
angles with directions toward optimal multipliers. Moreover, surrogate directions are smooth, zigzagging

is alleviated, and under appropriate choices of stepsizes convergence is guaranteed.
3.1.1. Mixed-Integer Programming
Consider a MIP problem in a general form:
rrx1‘iyn f(x,y), subjecttog(x,y) <0, (x,y) € Q, (3.1)

where Q is a bounded and non-empty subset of RPxZ™ and functions f(x, y) and g(x, y) satisfy the

following assumption.



Assumption 3.1.1. (Boundedness) Function f(x, y) is bounded from below and g(x, y) is bounded from

above and below.
3.1.2. Augmented Lagrangian Relaxation

After converting inequality constraints g(x, y) < 0 into equality constraints by introducing non-negative

continuous slack variables z e R™, z > 0, the Augmented Lagrangian function can be written as:

k
Ly (xy,2,4)=f(x, y)+ A" (g(x, y)+z)+%||g(x, y)+ z||2, (x,y)eRPXZ", z eR™,z = 0,
(3.2)

AER™ z2>0.

Here {c*} are nonnegative scalar penalty coefficients. The augmented relaxed problem is defined as:
minL, (x,y,z,4), (X, y) € Q, AT € R™. (3.3)
x,y,z C .
The augmented dual function that results from solving the relaxed problem (3.3) can be defined as:

q,(A)=minL, (xy,2,2), (X y) € Q, zeR™ z >0, 1T € R™. (3.4)
(3 X,Y,Z c .

3.1.3. Surrogate Augmented Lagrangian Relaxation

Generally, the minimization in (3.3) can be time-consuming, and as a result, the traditionally used
subgradient method may require significant computational effort. Moreover, subgradient methods
frequently suffer from zigzagging of multipliers. To alleviate these difficulties, the complexity is reduced

by requiring the satisfaction of the following surrogate optimality condition [52, p. 178]:

Eck (xk y<, 2" ,/Ik)< Eck (xk‘l, VAl zk‘l,/lk), (3.5)
where Eck (xk,yk , zk,/?,k) is the surrogate augmented dual value defined for a feasible solution (x¥, y, ) of

(3.3) as:



~ k

Ly 2 2) = 1oy + (T (G0, 29)« ey 2 (3.6)
Surrogate subgradient directions are defined for a feasible solution (x*, y*, z¥) of (3.3) as:

g,y , 2% = g(x*, y*) + 2*, (3.7)
If solution (x¥, y*, z°) satisfies (3.5), then directions (3.7) form acute angles with directions toward Az.
Therefore, under appropriate choice of stepsizes s*, multipliers move toward the A% when updated in the
following way:

J = 2K 4 sk, Y, 2Y). (3.8)

Convergence of the multiplier-updating scheme (3.8) under condition (3.5) will be discussed in the

following subsection 3.1.4.

3.1.4. Convergence of Surrogate Augmented Lagrangian Relaxation

To guarantee convergence, diminishing stepsizes will be computed following Bragin, et al [52] based on

the notion of contraction mapping as:

Sk—1“§<xk—1, YL, Zk—l)“
sk =q Hﬁ(xk,yk,zk)u

,0<q, <1. (3.9

A specific formula for setting ax to guarantee convergence without requiring the optimal dual value is:

1 1
=1l-—, p=1-—, M2>10<r<1. 3.10
a MK? P K 1 ( )
It will be assumed that the penalty coefficients are constant ¢ = ¢. The result can be summarized in the

following Theorem.

Theorem 3.2.1. (Convergence of SALR). Suppose that multipliers are updated per (3.8), surrogate
optimality condition (3.5) is satisfied, stepsizes are set according to (3.9)-(3.10) and penalty coefficients

are constant. If o satisfies the following conditions:



k
[1e; >0, (3.11)
i=1

and

1-a

lim
k—o0 S

=0, (3.12)
then multipliers converge to A; that maximize the following augmented dual function:
9.(1)=minL (x,y,2,2), (X, y) € Q € RPXZ", z eR™,z > 0, and AT eR™. (3.13)
XY,z .

The goal of the proof is to satisfy the result of Polyak [58] whereby convergence was established with
diminishing and non-summable stepsizes, and Theorem will be proved using three Propositions. In
Proposition 3.1.3, it will be proved that stepsizes (3.9)-(3.10) with condition (3.11) satisfy the diminishing
property. Moreover, under condition (3.11), surrogate dual values (3.6) approach dual values and
multipliers converge to a unique limit (not necessarily optimal). In Proposition 3.1.4 an asymptotical
representation of stepsizes (3.9) will be derived under condition (3.12). In Proposition 3.1.5, it will be
proved that stepsizes satisfy the non-summability property required in [58] for convergence to the
optimum.

Proposition 3.1.3. With the stepsizing formula (3.9)-(3.10), the Lagrange multipliers (3.8) converge to a
unique limit (3.not necessarily optimal), provided the surrogate optimality condition (3.5) and condition
(3.11) hold.

Proof Since stepsizes (3.9) are updated recursively, they can be represented as:

- slgley )
sk :gai “(j g ‘ (3.14)

Therefore, under condition (3.11), the diminishing property of stepsizes follows immediately. To prove

convergence with diminishing stepsizes, it needs to be shown that under the surrogate optimality

condition (3.5), surrogate dual values (3.6) approach dual values. Indeed, consider a fixed value of



multipliers A and a fixed value of penalty coefficients ¢c. Then after an iteration N, a series of surrogate
optimizations will lead to

<LC( ¥z zN+2,l)< EC(XN+1,yN+1,z”+1,A)< EC(XN,yN,zN,/l). (3.15)
Because of the discrete nature of the problem, the dual value will be reached after a finite number of
iterations:

9.(2)<.. <LC( N+2 N2 zN*2,2)< I:C(XN*l,yN*l,zN*l,/l)< I:C(XN,yN,zN,/l). (3.16)
Since stepsizes (3.14) approach zero because of (3.11), the same argument will hold when stepsizes are
sufficiently small. Therefore, after certain iteration, convergence of the method will essentially follow
that of a subgradient method with diminishing stepsizes. m

Proposition 3.1.4. An asymptotic representation of stepsizes (3.9)-(3.10) under condition (3.12) is:

k-1 .
(1’[ J where ||g Xk yk Zk)|

e )

j=0

(3.17)

Proof A series {1;3 k} in (3.12) with non-negative terms is convergent to zero. Therefore, (3.12) can be

written as
1-a =K*s",K¥ >0, (3.18)
where {K*} is a non-negative series approaching zero. Also, it is natural to assume that each term is

bounded
Kk <ck. (3.19)
At iteration 1, from (3.18) stepsize setting parameter a1 can be expressed as:
=1-Ks'. (3.20)

From the stepsizing formula (3.9) and expression for «; in (3.20), stepsize st at iteration 1 can be

expressed as:



st =p°ll-K'e K, (3.21)
The equation (3.21) is linear in terms of s, and solving (3.21) for st one gets:

0.0
1__n¢
S —1+77°K180 . (3.22)

To derive the general asymptotic expression for s¥, consider an expression for s

’71 77050
) _ 77131 _ l+7]0K130 _ ’7177050 (3 23)
l+771K281 1o 77050 1+770K150 +7]1770KZSO ' '
1+ K — %
1+7°K’s
In a similar fashion, the expression for s® can be obtained as:
o n'n’s’
53 _ 77252 _ 1+7]0K130 +7’]17’]0K230 _ 77277177030 l (3 24)
1+772K382 1+ 2K3 77177030 1+7]0K150+7]17]0K280+7]2771770K380 '
77 1+770K130+771770K230
Following the pattern, an expression for s can be inductively represented as in (3.17). m
Proposition 3.1.5. (Non-summability of (3.17)) Stepsizes (3.17) are non-summable.
Proof To prove the non-summability of stepsizes, consider the following sum:
(5_177‘ 3
Ysh =3 = (3.25)

In the following, to prove the non-summability of (3.17), a lower bound of the right-hand side of (3.25)
will be derived and proved to be infinite thereby implying that the summation in (3.25) is infinite. To
derive the lower bound, Assumption 3.1.1 leading to the boundedness of subgradient norms and

boundedness of K*in (3.19) will be used.



First, the boundedness of 'i;[lnj from above follows from Assumption 2.1. Indeed, since the domain Q

j=0

is bounded and non-empty, the norms of constraints are bounded:

o fobdyn 2 fabe.y’ )
1‘11377] - jgoug(xi*l,yiﬂlzjul N ||g(xk,yklzk]| >C">0 forall k.

Second, the boundedness of (Hn‘jK‘*lfollows from the definition of #* and

j=0

i) P i g(xj,yj,zj g(xo,yo,z0 .
[}—%nJ]K 1 S(HUJJCK =Cc~ jl_£||g||(xj+l,yj+l,2j]+11 =CcX ||g|1xj+1,yj+l,211l <C <o foralli.

The summation in the denominator of (3.25) can be estimated by using (3.27) as

k- i . . k-1
Zﬂnn'jK'“] <3YC=C-k.
i=0\ \ j=0 i=0

Therefore, (3.25) can be estimated by using (3.26) and (3.27) as

o o 1.g0 T
Zsk>Z(C—SJ:C—Z 1; .

0
k=1 kil 1+s°-C-k C «a .
C-s
By using the change of variablesk = K—[ ! - J —1, the last summation can be represented as:
-S
C" = 1 C" = 1
o> >

g 1 “c .| 1 1 '
C.50+k rpZ-{mJ C'SO+K—{C‘SOJ—1

The fractional part of any number is between 0 and 1, therefore,

1 1

From (3.31) is follows that

-1< 1 —{ 1 J—lSO.

C-s°

Therefore, each term in the right-hand side of (3.30) can be estimated as:

10

(3.26

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)



1

1
> —.
K

e (3:33)
C-s C-s
Based on inequalities (3.30)-(3.33), inequality (3.29) can be written as:
cong( S ).Clgl 1 |C g (1)
& >kzl(1+s°.c.k]‘ c a1 T 2, [J—OO- (3.34)
70+k K:Z#{*OJ
C-s Cs

Therefore, stepsizes (3.9)-(3.10) that satisfy conditions (3.11-12) approach zero and are non-summable. O
Proof of Theorem 3.1.2 follows from Propositions 3.1.3-3.1.5 and is summarized below.

Proof of Theorem 3.1.2 As proved in Proposition 3.1.3, the SALR method behaves as the subgradient

method under condition (3.11). In Propositions 3.1.4-3.1.5 it is proved that stepsizes are non-summable

under condition (3.12). Therefore, following the classical result of Polyak [58], the multipliers within the

SALR method converge to A7. m

Proposition 3.1.6. (Rate of Convergence of SALR) The rate of convergence of the SALR method is

linear outside of a sphere centered at A7 with the radius of the sphere defined in the following inequality:

kKl=(vk vk k)2
Js ||9(x Yz )" S"ﬂk_/ﬁ , (3.35)
)7
assuming that the positive constant u exists such that
qc(/ﬁ)— I:C(xk,yk,zk,/lk)z y"/lk e (3.36)
Also, stepsizes are assumed to be sufficiently small
« 1
O<s‘<—. (3.37)

2u
Proof Steps of the proof follow closely those of Proposition 2.5 in [52] provided to the surrogate
Lagrangian relaxation. m
Within SALR, because of penalization of constraint violations it is expected that the norm of

surrogate subgradients will reduce faster than within SLR. Therefore, the sphere centered at A7 outside of

11



which linear convergence is possible will have a smaller radius within SALR per (3.35). Therefore,

within SALR multipliers can get closer to the optimum with a linear rate.

3.2. Surrogate Augmented Lagrangian Relaxation and V-shape

Linearization for MILP Problems

In this section, a general formulation of an MILP problem will be presented in subsection 3.2.1. To
achieve linearity of augmented relaxed problems, current linearization methods and associated difficulties
will be presented in subsection 3.2.2. In subsection 3.2.3, to preserve fast convergence of Augmented
Lagrangian relaxation while exploiting linear solvers, the augmented relaxed problem is linearized
through the novel V-shape linearization scheme that preserves positions of minima. In subsection 3.2.4,
convergence of the resulting combination of surrogate Augmented Lagrangian relaxation and branch-and-

cut (3.SALR+B&C) will be proved.
3.2.1. Mixed-Integer Linear Programming
An MILP problem can be formulated following [24] as:

min {dxx+dyy}, subject to Ax+ Ey <b, (x,y) e Q, (3.38)
X,y

where Q is a subset of RP xXZ", with R denoting the set of real numbers and Z the set of integers. Vectors
x and y are px1 and nx1 column decision vectors, respectively. Matrices A and E are have dimensions
mxp and mxn, d*is a 1xp vector, d’ is a 1xn vector, b is an mx1 column vector. To existence of solutions

to (3.38) will be guaranteed per following Assumptions.
Assumption 3.2.1 (Boundedness) The domain of (3.38) Q is bounded and non-empty.

Assumption 3.2.2 (Full rank) Matrices A and E are full-rank.

12



3.2.2. Augmented Lagrangian Relaxation

Following subsection 3.1, the Augmented Lagrangian function is formed by converting inequality
constraints in (3.38) into equality constraints by introducing non-negative continuous slack variables
z eR™,z > 0, introducing real-valued multipliers A7 = (A4, ..., 4,,) eR™, and penalizing violations of

relaxed constraints:

k
L (x, y,z,/ik): dxx+dyy+(ﬂk)T(Ax+ Ey—b+ z)+%||Ax+ Ey-b+z|”. (3.39)

Here {c*} are nonnegative scalar penalty coefficients. At every iteration, the following augmented

relaxed problem is solved:

min L, (x, Y, z,/lk), (X, y) € Qc RPXZ", z eR™,z > 0, and AT e R™. (3.40)

X,Y,z

The major difficulty is that (3.40) is nonlinear because of quadratic penalty terms that include squares
and cross-products of decision variables. Therefore, the problem (3.40) cannot be solved by using
branch-and-cut. To present existing linearization method and their drawbacks, a simple example will be

considered.

Example 3.2.1 (Difficulties of Existing Linearization Approaches) Consider a simple MILP example:
ngyiyn(3x+4y), st. x+y=3, x,yeQcRXZ, and 2 =[0,10]x[0,10] (3.41)

Following (3.39), the relaxed problem corresponding to (3.41) is:

(3.42)
min (3x+4y+/1(x+ y—3)+%(x+ y—S)ZJ , %,y € Q= RXZ, and ©=[0,10]x[0,10]
XYy

Two linearization approaches will be presented together with their pros and cons.

A simple approach to linearize the penalty function at iteration k is by fixing certain decision

variables at their values at iteration k-1:

13



min (3x+4y+/1(x+ y—3)+£(x+ y—3)(xk‘1 +y<? —3)) , X,y e Q= RXZ, and
= 2 (3.43)

Q=[010]x[0,10]
However, because the objective function is linear, solutions will always be at boundaries of the domain Q.
This will lead to jumping of solution values from one extreme to another, resulting in zigzagging of
multipliers and slow convergence. As a result, convergence characteristics will be drastically affected
through the linearization (3.43). To avoid this situation, deviations of solutions from previous values are
typically penalized as:

rrxng {3x+4y+i(x+ y—3)+ cx(xk’1 +y<t —3)+Z(x— xk’l)z +cy(xk’1 +y<t —3)+%(y— Valle } ,

2 (3.44)

x,y € @ = RxZ, and @ =[0,10]x[0,10]

The problem (3.44) is still nonlinear and cannot be solved by using MILP solvers such as branch-and-cut.

To exploit linear solvers when solving the augmented relaxed problem (3.40) while preserving fast
convergence characteristics of the SALR method, the novel V-shape linearization will be developed in the

following subsection 3.2.3.
3.2.3. V-shape Linearization

To avoid the above-mentioned difficulties, a novel three-step V-shape linearization process of the entire
problem (3.40) is introduced. In this way, it will be ensured that solutions of the linearized relaxed
problem and solutions of (3.40) are the same by design thereby preserving convergence characteristics of
SALR. In the first step, a convex extension of (3.40) without bounds on (X, y, z) and without integral

restrictions on y will be considered:

min L, (X, Y, Z,/lk), (X, y) € RPXR"™, z eR™, and AT eR™, (3.45)

X,Y,z

A minimum of (3.45) with respect to one decision variable at a time is evaluated after taking a partial

derivative. Since the objective function in (3.45) is quadratic its partial derivatives are linear, and the

14



minimum of (3.45) is a linear function of other variables. In the second step, this linearity is exploited to
construct piecewise-linear V-shape functions with the same minima of (3.45) through the use of absolute
values with slopes appropriately defined, and the V-shape function with the same minimum as that of
(3.45) is constructed by taking a linear combination of individual V-shape functions. Because the domain
Q in (3.40) is bounded, y is discrete and z is non-negative, solutions to (3.45) will be projected onto
respective feasible sets. In the third step, each absolute function is linearized following [59, p. 28], and

projections of solutions will be linearized using big-M inequalities.

Step 1: Evaluation of Minima. To obtain the minimum of (3.45) with respect to each variable,
derivations will be first shown for x;, the i™ component of x. For convenience of derivations, after

grouping terms containing x, (3.39) can be represented as:

k k
%XTATAX-F(CkXTAT(Ey—b-i- 2)+x" AT A erT(dX)T )+£C7||Ey—b+z||2 +dyy+(/1k)T(Ey—b+z)J. (3.46)

The last term in parentheses does not contain variables x and will be omitted. Remaining terms

containing x; are:

(%XMTA +ckExiATijjj+ckxiAT(Ey—b+ )+ x A" +xdX. (3.47)
Here A; is the i™ column of matrix A and d¥ is the i" component of d*. The expression in (3.47) can be
rewritten as:

¢ ot Ko p T KpT T ok, gx

7xiAi Ai+xi(c EA Ax;+cA (By-b+2)+ A A +dij. (3.48)
Because matrix A is full rank by Assumption 3.2.2, the inverse of Ai'A; exists, and the minimum of (3.48)

can be obtained after taking a partial derivative of (3.48) with respect to xi, equating the derivative to zero

and solving for xi:

15



1 x
X min = _m(ck EATijj +c*AT(Ey-b+2)+ A" +d, J : (3.49)

Since the Augmented Lagrangian function (3.39) is quadratic, all its partial derivatives are linear and the
minimum (3.49) is a linear function. However, because the domain Q is bounded, (3.49) need to be
projected onto it. The resulting projected minimum can be denoted as [Ximin]o. In a special case of simple

bounds such as x; € [x}, x}], the projection can be written as:

[Xi,min]Q = min {rna‘x {Xi,min' Xil }' Xiu } (350)
In a similar fashion, minima with respect to y; and z; can be obtained as [Yimin]a, [Zimin]+ Where Yimin, Zimin

are defined as:

Yimin = _ﬁ(ck )3 EiT Ejy; + c* EiT (AX=b+12)+ EiTﬁ'k + diy) ,and z; ., = —(Ax+Ey - b); . (3.51)
CEE i

Since decision variables y; are discrete, Yiminin (3.51) will not be the actual minimum of (3.40). In Figure

3.2.1, it is shown that the discrete valued minimum y;" does not coincide with the minimum yimin of the

convex extension (3.45). In the following Step 2, this issue will be resolved by constructing V-shape

function with the same positions of discrete as well as continuous minima as those of (3.40).

Step 2: Construction of V-shape Functions. Piece-wise linear functions with minima [Ximin]a, [Vimin]a,

[zi,min]+ are constructed by using absolute-value functions as:

a.x|x. ~[x,.. L| ' aiy|yi _[yi,minL

andalz, -[z,.]|, (3.52)

where

. (3.53)

c c c
X _ k-1 k-1 y _ k-1 k-1 z _ k-1 k-1
8; _?|Xi _[Xi,minL ' & _?|yi _[yi,minL ,and &, _?|Zi _[Zi,minL

V-shape functions of x; and y; are shown in Figure 1. Because of symmetry of the V-shape functions
(3.52), integral solutions y; and corresponding minima of (3.40) and (3.52) are the same. Since positions

of minima in (3.52) are [Ximin]o, [Yimin]e, [Zimin]+ regardless of other variables, a linear combination of
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functions in (3.52) will have the same minimum as that of (3.39). The minimization of the piece-wise

linear function is:

m{ga? X; _[Xmin,i]n|+éaiy|yi _[ymin,i]ﬂ|+gaiz 5 _[Zmi”vi“} (oY) e Qe RixEE 2 eRY, (3.54)
and AT eR™,
N 4
N 4
\\ //) e “
\\ /// (] :
\v/ X; . .
Xou XiH yf Yini yiH

Figure 3.2.1. lllustrations of the augmented Lagrangian relaxation (3.39) (parabola) and the V-shape

function (absolute value) (3.52). Discrete values in the domain of y; are denoted by black dots.

Step 3: Linearization of V-shape Functions. The objective function of (3.54) is nonlinear because of
absolute value functions and operators []q that project solutions onto Q. The linearization of the absolute
value function will be performed following [59, p. 28], and the linearization of projection operators will

be performed by using big-M inequalities.
The idea behind linearization of absolute function can be summarized in a simple problem:

min | x|, (3.55)

which can be linearized as

ng(ign Q,st.x<Q,x=-Q. (3.56)

Therefore, (3.54) can be linearized as:

rxr?/nZ {iaﬁQix + gainiy +ia§Qf} , (3.57)
St —-Qf<x - [Xmin,i]Q <QN-Q <y - [ymin,i]Q <Q’,-Q <z - [Zmin,iL <Q’. (3.58)
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The problem (3.57)-(3.58) is still nonlinear because of projection operators. The linearization concept
will be explained by converting the operator []+ in terms of the max-function in the last inequality of
(3.58), and then the max-function will be linearized by using big-M inequalities. After rearranging terms,

the last inequality of (3.58) becomes:

mex{z, .0} < 2, + Q?, z, — Q7 < max{z, .0} (3.59)
Within the first inequality, maximum of zimin and O has to be less than the right-hand side. Therefore,

both zimin and 0 have to be less than the right-hand side

Ziom <2, +Q70< 7 +QF, 7, —Q? <max{z, .0} (3.60)

Within the last inequality, either zimin Or O has to be greater than the left-hand side. This can be captured

using an OR operator as:

Zimin <2, +Q7,0<2, +Q7, (Zi Q' <%z, OR z, -Qf < 0) (3-61)
Within (3.61), only one of the constraints within the parentheses needs to be satisfied, while the other
constraint is redundant. The logical constraints can, therefore, be linearized through the introduction of

two binary variables {1, {2} as:

Zimin <2 +Q° 05z, +Q, - Q7 <7, *tM £, 1, 7, -QF <M -, ,, ¢, + &, , =1, (3.62)

where M is a “big-M” parameter. By using the simple example, the above ideas will be illustrated.

Example 3.2.1 (Continued) Step 1: Evaluation of a Minimum. In this step, following (3.45), a convex

extension of (3.42) is defined as:

rnin(3x+4y+ﬂ(x+ y—3)+%(x+ y—3)2j X,y e Ry XR,. (3.63)
Xy

Position of the minimum can be found by first taking a partial derivative of the objective function in

(3.63) as:
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a[3x+4y+/1(x+y—3)+c(x+ y—3)2j
2 =3+ A+c(x+y-3). (3.64)

OX

A position of the minimum can be found by setting the expression in (3.64) to zero and solving for x.
Therefore, without restrictions x [0,10], the minimum of (3.63) is:

Xmin = [_WJ . (365)

To satisfy the non-negativity restriction of x,8 the feasible minimum of (3.63) is

X (4, y) = max{x,.,, (4, y),0}. (3.66)

In a similar fashion, the y-minimum of (3.63) is:

(3.67)

S 0) = {11000} = e - £ 2 gl

c
Step 2: Construction of V-shape Functions. A piece-wise linear function with the minimum (3.66) is

constructed using an absolute value function:

%a‘x—x;in(ﬂ, y} . (3.68)

By the properties of quadratic and absolute value function, the function (3.68) has the same position of
the minimum with respect to x as the objective function of (3.63). In a similar fashion, a piece-wise linear

with the minimum (3.67) can be constructed:

%dy—y&&&x]. (3.69)

The construction of a piece-wise linear function with same positions of minima as those of (3.63), can be

performed by taking a linear combination of (3.68) and (3.69) as:

8 The other boundary on x (x<<10) can be treated in the same way and for the simplicity will not be presented.
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c . c .
Ea|x—xmin(/1,yj+zb|y—ymm(/l, xj : (3.70)
where a and b are nonnegative slopes which can be defined following (3.53).

Step 3: Linearization of V-shape Functions. To linearize (3.70), absolute value functions will be

linearized first following (3.55-56) as

min {Ea-Qx+3b-Qy}, x,yeQcR{XZ,, Q=[010]x[010],0,0,c R, (3.71)
xY.Qx.Qy | 2 2
St —Q <Xx— x5 (4,y)<Q,,—Q, <y - Va4, Xx)<Q,. (3.72)

Then max functions in (3.72) can be linearized following the steps of (3.59)-(3.62).
3.2.4. Convergence of SALR+B&C with V-shape Linearization

Following the framework of Section 3.1, the relaxed problem (3.40) will be solved subject to the simple
“surrogate optimality condition” [52, p. 178]:
I:C(Xk,yk’zk’/lk)< EC(XH, yk—lyzk—l,ﬂ’k), (3.73)

where L (x‘,y*,z*,2) is the surrogate dual function defined for a feasible solution of (3.57) as

Ec(xk,yk,zk,/ik)z d*x* +dYy +</1k)T (on" +E%y* —b° + zk)+%"A°xk +E%* —b° + zk"Z. (3.74)

Condition (3.73) ensures that surrogate subgradient directions g(x*,y*,z*) = A’X* + E°y* —b° + z* form

acute angles with the direction toward A”. To guarantee convergence, diminishing stepsizes will be

computed per (3.9)-(3.10), and multipliers will be updated as:

Iy +Sk'g“(xk’yk,zk). (3.75)
In the following Theorem 3.1.2, convergence will be established first by proving that solutions to the V-
shape linearized problem (3.57)-(3.58) satisfy the condition (3.73), and then the proof will follow that of

Theorem 3.1.2.
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Theorem 3.2.3: Convergence of SALR+B&C. Suppose that multipliers are updated per (3.75),
surrogate optimality condition (3.73) is satisfied, stepsizes are set according to (3.9)-(3.10) and penalty
coefficients are constant c* = c. If ok satisfies condition (3.11)-(3.12), then multipliers converge to A%

that maximize the following dual function:
q.(4)= min L.(x y,2,4), (X, y) € @€ RPXZ", z eR™,z > 0, and AT eR™. (3.76)

Proof By construction of V-shape function, solutions to (3.57)-(3.62) are the same as solutions to (3.40).
Moreover, each monotonic segment of V-shape functions corresponds to a monotonic segment of the
Augmented Lagrangian function (3.40) with respect to each variable. These features can be seen in
Figure 3.2.1. This piece-wise monotonicity allows establishing the following. Suppose a solution (x, y*,
7) to (3.57)-(3.62) corresponds to a value that is lower than the value of the objective function evaluated
at (x*1, y*1, Z“Y). Then, owing to the same monotonicity, the solution (x¥, y*, z) will correspond to a value
of (3.39) that is lower than the value of (3.39) at (X, y*1, Z“!). Therefore, the surrogate optimality

condition is satisfied. The rest of the proof follows that of Theorem 3.1.2. m

3.3. Combination of SALR and Branch-and-Cut for Block-Structured

MILP Problems
Many large systems are created by connecting multiple subsystems through system-wide coupling
constraints, and such systems are frequently formulated as “block-structured” [1] MILP whereby matrices

A and E is singly bordered block diagonal [1] whereby A and E can be partitioned into several parts: Ao

and Eo, and Ajand Ej, i=1,...,1

. A),E=(E .. E), (3.77)
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where A and E? are full rank moxp and moxn matrices, A% and EY are 1xp and 1xn vectors, and A; and E;
are mixp; and mixn; matrices respectively such that ni+...+n, = n, pi+...+p; = p. Accordingly, vectors b,
d*and d can be partitioned as:
b=(%b,... b, ), d* =(d,...d}) and d” =(dy,...d), (3.78)

where b° and bi are mox1 and mix1 column vectors. Therefore, constraints in (3.38) can be split into
system-wide constraints

A’ +E%y<hb°, (3.79)
and subsystem constraints

Ax +Ey, <b,i=1..,1. (3.80)
Moreover, decision column vectors x and y can be partitioned into pair-wise disjoint sub-column-vectors

stacked on top of one another: x = (X1, X2, ..., X)), and y = (y1, Y2, ..., yi). The problem (3.38) can be

represented as:

nxuy {dxx+dyy}, (X, y) € Q cRPXZ". (3.81)
s.t. A%+ E°y<b®, (3.82)
Ax +Ey <b,i=1..,1. (3.83)

To solve problem (3.81)-(3.83), the V-shape linearization will be used, and the resulting problem will
be decomposed into smaller subproblems with reduced complexity as compared to the original problem.
Subproblem i is created by fixing decision variables at values (x*, y**, z“!) obtained at previous iteration

k-1 associated with blocks other than block i as:

. Pi
min {Z a

XYz =l

X; _[Xmin,iL|+i%aiy|yi _[ymin,i]g|+§aiz Z; _[Zmin,iL|}' st, A +Ey <b,i=L..1,(X,y) €

(3.84)

Qc RYXZ}, z eR™0,z > 0, and A7 eR™o,

where
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Xi min = _;(Ck Z(Aio )T ATX + Ck(Aio )T (E%y“"—b% +2" ) + ('Aﬁo )T A+ dixJ , (3.85)

2ck(A°) A° L
Vi =——(ck 5 (B0 B0yt + () (A< —b° + 2%+ (EO) 2 +d.yj and
i,min 20k<EiO)T Eio pr i IRa] i i i ' (386)
Zi,min = _(onkil + E()yk71 _bo)i ' (387)

Subproblem (3.84) is smaller in size, complexity is reduced as compared to that of the original problem
and can be solved with drastically reduced effort. Moreover, positions of minima (3.85)-(3.87) can be
obtained analytically thereby making computational improvements even more drastic. Since problem
(3.81)-(3.83) is a special case of (3.38), under assumption that the surrogate optimality condition is

satisfied, convergence results established in Theorem 3.2.3 also apply to the problem (3.81)-(3.83).

3.4. Key Steps, Implementation and Practical Considerations for MIP and

MILP Problems

In subsection 3.4.1, key steps of algorithms for MIP and MILP problems will be provided. In
subsection 3.4.2, a discussion about obtaining feasible solutions will be discussed. In subsection 3.4.3,
difficulties associated with solving one subproblem at a time will be illustrated through a simple example.
To resolve these difficulties, practical considerations to adaptively adjust penalty coefficients within the
SALR+B&C method of subsection 3.3 for block-structured MILP problems will be developed. In
subsection 3.4.4, the exploitation of the convex hull invariance to increase computational efficiency will

be explained.
3.4.1. Key Steps of the Algorithm for MIP Problems

The key steps can be summarized as follows:
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Step 0: Initialize multipliers 4°° solve the augmented relaxed problem (3.3) subject to the surrogate

optimality condition (3.5) to obtain (x°, y°, z°) and initialize stepsizes s°.

Step 1: Update o, then for given values (a, x*,y¥, z¥), update s* according to (3.9)-(3.10), and update

multipliers A“** per (3.8).

Step 2: For given A**%, solve the augmented relaxed problem (3.3) subject to the surrogate optimality

condition (3.5).

Step 3: Check stopping criteria such as the CPU time, number of iterations, surrogate subgradient norm,

etc. If satisfied, go to Step 5. Otherwise, go to Step 1.
Step 4: Search for feasible solutions. If a solution is found, go to Step 5. Otherwise, go to Step 1.

Step 5: Check duality gap. A duality gap can be calculated by using the best available feasible cost and

the largest available dual value. If duality gap is satisfactory, then Stop. Otherwise go to Step 1.

The difference of the algorithm for MILP problems of Section 3.2 is that instead of the relaxed
problem (3.3) subject to condition (3.5), the V-shaped linearized problem (3.57)-(3.62) subject to (3.73) is

solved in Steps 0 and 2.
3.4.2. Obtaining Feasible Solutions MIP and MILP Problems

The process of obtaining feasible solutions is generally problem-dependent since each problem may have
its own subsystem and constraint structures. When the relaxed problem or subproblems are solved,
solutions are typically feasible with respect to the relaxed problems, but these solutions may not satisfy

relaxed constraints. To satisfy these constraints, some or all integer decision variables are fixed at yi, the

° Multiplier initialization is typically problem-dependent. For example, within Generalized Assignment problems, multipliers can be
initialized following [67].
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most recent values obtained by solving subproblems. This can be operationalized by creating simple

constraints on some or all integer variables such as

h =y, (3:88)
The adjustment of continuous decision variables is operationalized by solving the original problem (3.38)

subject to (3.88).
3.4.3. Practical Considerations of Block-Structured MILP Problems

Based on theoretical results of previous sections, SALR+B&C method converges assuming the surrogate
optimality condition is satisfied. However, based on our testing experience, as penalty coefficients
increase, the method may not converge because as levels of constraint violations reduce too fast,
feasibility is emphasized and the optimality may be compromised. The reason for the lack of
convergence is the violation of surrogate optimality condition as will be illustrated in the following

example.

Example 3.4.1 (3.Example 3.2.1 continued) Consider the problem (3.71) with 1° = 10, and ¢ = 2000 and

suppose that one subproblem is solved at a time. Subproblem y can be written as

min {%b-QY}, st. -Q, <y- y,;in(i,xk‘l)s Q,. (3.89)

¥.Qy
However, because y is discrete, the deviations from yr;in(,l,xk)are penalized so much that decision

variable values cannot move from one value to another, and this implies that a solution y* cannot be found
that satisfies surrogate optimality condition as a strict inequality. Consequently, if the solution of y

subproblem never updates, then the solution to the following x-subproblem

min {%a-Qx}, st —Q, <x—x4 (4, y¥)<Q,, (3.90)

will not be updated and will not satisfy the surrogate optimality condition.
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To satisfy all conditions for convergence within Theorems 3.1.2 and 3.2.3, surrogate optimality
condition needs to be satisfied. If this condition is not satisfied after solving all subproblems, then
penalty coefficients need to reduce. However, this may potentially take many iterations to find out. A

simpler heuristic rule developed here requires that penalty terms are limited from above:

%||A°x+ E%y—b° + z||2 <M°®, (3.91)

where M° at every iteration can be selected as subproblem cost. At the same time it is desirable that
penalty coefficients increase to sufficiently penalize constraint violations, and this can be ensured by the

following inequality:

m° s%||A°x+ E°y—b°+z||2, (3.92)

where m®has a value smaller than M®. When c¥ is large and (3.91) is violated, penalty coefficients should

decrease

=Bk p< 1. (3.93)
When c* is small and (3.92) is violated, constraint violations are not sufficiently penalized, and penalty

coefficients should increase

=Bk p> 1. (3.94)

Parameters M¢, m® and c* should also be decreased when the surrogate optimality condition is violated:

MC K+ = gMe K me K+ = gm® K and ¢kt = ock, (3.95)
Because of several differences in the implementation of SALR+B&C for block-structured MILP

problems, key steps for the algorithm of Section 4 are provided separately below:
Step 0: Initialize A%, M, m® solve the linearized subproblem i to obtain (x?, y?, z°) and initialize s°.

Step 1: Update ox, then for given values (ax, x, y¥, z¥), update s* according to (3.9)-(3.10), and update

multipliers A** per (3.75).
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Step 2: Select the next subproblem (either sequentially or randomly) and solve it by using branch-and-cut

with a MIP start.
Step 3: Check whether (3.93)-(3.94) are satisfied, and adjust ¢*** according to (3.93)-(3.94).
Step 4: Check stopping criteria. If satisfied, go to Step 4. Otherwise, go to Step 1.
Step 5: Search for feasible solutions . If a solution is found, go to Step 5. Otherwise, go to Step 1.

Step 6: Check duality gap. A duality gap can be calculated by using the best available feasible cost and

the largest available dual value. If duality gap is satisfactory, then Stop. Otherwise go to Step 1.
3.4.4. Novel Exploitation of the Convex Hull Invariance

With drastically reduced complexity, subproblem “convex hulls” are much easier to obtain as compared
to the “convex hull” of the original problem, and subproblems are handled locally without affecting the
solution process of the entire problem. However, during the entire iterative process, subproblems need to
be solved several times, and the overall computational effort may still be significant. With a novel
observation, this difficulty will be alleviated by exploiting the fact that multipliers affect subproblem
objective functions without affecting subproblem constraints or subproblem “convex hulls.”
Consequently, cuts remain valid throughout the entire iterative process. This invariant nature of
subproblem convex hulls can be exploited by obtaining and keeping convex hulls. Once obtained, such
invariant convex hulls can be kept and solving subproblems in subsequent iterations reduces to solving
LP problems with ease. Even if the convex hull cannot be efficiently obtained, cuts generated by branch-
and-cut can still remain valid and can be reused to significantly reduce computational effort involved in
solving subproblems. To justify this claim, discussion on the performance of cuts is important. In
particular, cuts generated by branch-and-cut when solving the original problem (“whole-problem cuts”)
will be discussed and compared with cuts obtained by branch-and-cut when solving subproblems

(“subproblem cuts”) in the following subsection 3.5.
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3.5.  Comparison of Subproblem and Whole-Problem Cuts

The aim of this section is to compare subproblem and whole-problem cuts, and this is achieved by
considering an important class of cuts — Gomory cuts. First, after the general idea behind creation of
Gomory cuts is presented, the Theorem comparing subproblem Gomory cuts and whole-problem Gomory
cuts will be formulated in subsection 3.5.1, and conclusions about cuts of other types will be drawn.

Then, the intuition behind Gomory cuts supporting the Theorem will be presented in subsection 3.5.2.
3.5.1. Comparison of Subproblem and Whole-Problem Gomory Cuts

The general goal behind creating cuts is to obtain facets of the convex hull by cutting off LP regions
enclosed by constraints (38) without cutting off feasible solutions. Ideas behind Gomory cuts are rotation
of hyperplanes corresponding to constraints (38) to make them parallel to the facets of the convex hull,
and shifting of these planes to move them as close to the facets as possible [68-71]. Within fractional
Gomory cuts [72], to improve flexibility of rotation and shifting, aggregation through a linear
combination of constraints (38) by using real-valued vectors y is also performed. However, rotation,
shifting and aggregation by themselves may not be efficient to obtain facets of the convex hull. To
improve efficiency, so-called “disjunctive cuts” are created. The idea is to first remove LP regions inside
the LP polyhedron enclosed by constraints (38) thereby separating an entire LP space into two disjoint
sets. This procedure enables more aggressive rotation and shifting of cuts based on each of the sets
independently thereby leading to even higher flexibility of rotation and shifting, and allowing cutting
larger LP regions. Disjunctive cuts are then created by taking a linear combination of the two sets. Other
types of Gomory cuts, considered in [72], are more specific versions of fractional Gomory cuts, and their
construction follows the same logic as provided above.

Subproblem Gomory cuts that are generated by using branch-and-cut when solving subproblems are
based on first aggregating constraints (80) for a particular subproblem i, and then by using rotation,

shifting and disjunction as explained in the previous paragraph. Since subproblems are solved without

28



system-wide coupling constraints (79), for the comparison between subproblem and whole-problem
Gomory cuts constraints (79) will be excluded from consideration. Therefore, the following assumption
will be used:
Assumption 3.5.1. Without considering system-wide coupling constraints, coefficients of aggregation for
whole-problem Gomory cuts are: ¢ = (0, 4, ..., ).

In the following, after defining areas that are cut off by whole-problem and subproblem cuts outside
subproblem convex hull for particular and for all possible coefficients of aggregation ., the Theorem that

compares these areas will then be formulated.

Definition 3.5.2. Whole-Problem Cuts.

Let coefficients of aggregation for whole-problem Gomory that satisfy Assumption 3.5.1 be =(0, 4, ...,
L4)-

Let ® = (o1, ..., o), Where w; is an area outside subproblem i convex hull that is cut off by a whole-
problem Gomory cut for a particular z.

Let Q = (Q, ..., Q), where Q; is the total area outside subproblem i convex hull that is cut off by whole-
problem Gomory cuts, which is a union of w; for all possible values of s

Definition 3.5.3. Subproblem Cuts.

Let coefficients of aggregation for subproblem i Gomory cuts be z.

Let & be an area outside subproblem i convex hull that is cut off by a subproblem i Gomory cut for a
particular z.

Let = is the total area outside subproblem i convex hull that is cut off by subproblem i Gomory cuts

outside subproblem i convex hull, which is a union of &; for all possible values of .

Intuitively, flexibility of rotation and shifting of whole-problem Gomory cuts is greater as compared
=

to subproblem Gomory cuts thereby generally leading Q; to be larger than Zi. Under an additional

condition on a particular vector £, regions w; are equal to &; as will be stated in the following Theorem.

29



Theorem 3.5.4. Comparison of Subproblem and Whole-Problem Gomory Cuts.

The area E; is a subset of Q.

Moreover, if for a particular i, 4 and x the following condition holds:
|
> 4P ~[ub ]| =0, (3.96)
j=

then areas m; and &; are equal.
Proof of the Theorem is given in Appendix A.

In practice, there are several ways to select x [69. 73]. By the Theorem above, while for all possible
4, whole-problem Gomory cuts are more efficient as compared to subproblem Gomory cuts, practical
performance of cuts is roughly equivalent.
Remark 3.5.5. If the convex hull of subproblem i can be obtained, the area Z; is exactly the same as Q.
Corollary 3.5.6. The Theorem holds for other cuts that require aggregation of constraints.
Proof: Proof follows the same logic as that of the Theorem 3.5.4.
Remark 3.5.7. For cuts that are based on individual subproblem constraints without using aggregation,

subproblem and whole-problem cuts are equivalent.

Examples below present rotation, shifting, disjunction, and aggregation thereby intuitively presenting

ideas behind the Theorem.

3.5.2. Hlustration of Theorem 3.5.4

Example 3.5.1: For illustration purposes, consider the following constraint based on (3.38):
—3.5x, —6x, <-2.5, X1, X2 €{0,1}, or in terms of (3.38), Ax<b, with A=(-3.5,-6), E=0, b=-2.5.  (3.97)
Figure 3.5.2.a shows feasible points, the LP region shaded grey, and the convex hull enclosed by
thick red solid lines. The plane defined by (3.97) can be rotated by changing slopes of x1 and x, while not
cutting off any portion of the convex hull. One way to perform this is by truncating coefficients of A by

using a “floor” (L) operator. The resulting plane becomes (Figure 3.5.2.b):
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—4x, —6x, <-2.5, orin terms of (3.38), | Ajx <b.

(3.98)
a) b) c)
X2 X2 A X2
0, 1) (1, 1) 0, 1) (1, 1) (0, 1) (1, 1)
le
5 b X
\]\ \\i :
(0.0) BN m 0.0 NI (L0 W 0.0)
G

Figure 3.5.2. a) Original constraint (3.97) and LP region that satisfies (3.97), b) Cut (3.98) obtained by

rotation, ¢) Cut (99) obtained by rotation and shifting. Convex hull is marked by red solid thick lines.
Since rotation is achieved by truncating the left-hand side thereby making it smaller, inequality (3.98)
is valid for a general problem. For this particular example, the cut (3.98) resulting from the rotation

forms a smaller angle with the convex hull facet that connects points (0, 1) and (1, 0), but does not
become parallel to the facet.

For integer solutions, the left-hand side of (3.98) is integer while the right-hand side is fractional
thereby leading to a fractional slack. This slack is removed by truncating the right-hand side of (3.98)
thereby shifting the cut closer to the convex hull as shown in Figure 2.c, and the resulting cut becomes:

— 4x, —6x, <—3, or in terms of (3.38), | AJx <|b].

(3.99)
The amount of rotation and shifting achieved by truncation is predetermined by A and b, respectively, and

is limited. To improve flexibility of rotating and shifting, the entire equation (3.38) can be pre-multiplied

by a real-valued vector u before performing rotation and shifting. In this particular example, equation
(3.99) is pre-multiplied by 1/6:

4 3
=X Xy S
61 2=7%

(3.100)
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Because the floor operator is not an affine operator, truncation of the left-hand side of (3.100) leads to a

cut:

=X =X, _—g, (3.101)

which generally is not equivalent to (3.99). As a result, the angle of rotation is different from that of (99)
as shown in Figure 3.5.3.b. Similarly, the truncation of the right-hand side of (101) leads to shifting by a
different amount as compared to (3.99):

¥, — X, < 1. (3.102)
Generally, the final inequality based on (3.38) becomes | uA |x<| b | when E=0. In this example,

inequality (3.102) cuts off larger amounts as compared to (3.99). Moreover, it defines a facet of the

convex hull as shown in Figure 3.5.3.c.

a) b) c)
X % X
(0, 1) (1.1 0. 1) (1L 1) o) 0, 1) ey
1/6a,
R R "
| | R .0
oF T ENTO 00T RO o0 T

Figure 3.5.3. @) Constraint (3.100) and the corresponding LP region, b) Cut (101) obtained by rotation, c)
Cut (3.102) obtained by rotation and shifting. Convex hull is marked by red solid thick lines.

The convex hull is obtaied by using a multiplier 1/6. In the following, disjunctive cuts will be

presented and the facet-defining cut (3.102) will be obtained without using multipliers. The idea to obtain

the convex hull is to first remove the LP region x2e(0,1) without removing feasible points thereby
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creating a union of two disjoint sets shown in Figure 3.5.4.b. Then, cuts are aggressively rotated and
shifted with respect to each set, and in this example such cuts define integer vertices of each set are
defined as shown in Figure 3.5.4.c. Then the resulting sets are linked, and in this example vertices of

each set are connected thereby defining the facet of the convex hull as shown in Figure 3.5.4.d.

a) b) C) d)
X2 A X2 A X2 A X2 A
0, 1) (1.1) 0. 1) ©) (1. 1) (0. 1)@ (1.1) (0, 1) (L. 1)
Pl

N N

(25) 26)
(16) (16) @ ] @ 3

(0,0) (1.0 x, 0.0) (5/7, NL 0) i 0.0 (1. 0)x, (0, 0) (1O, ™

Figure 3.5.4. a) Constraint (3.97), the corresponding LP region, and the convex hull, b) Constraint (3.97)
and disjoint LP regions satisfying (3.97) and (3.103) — (3.104), c) Definition of an integer vertex
satisfying x» < 0, d) Disjunctive cut (3.107). Convex hull is marked by red solid thick lines.

Mathematically, LP region is removed by using the following disjunction:

X, >1. (3.103)
OR
X, <0. (3.104)

Two LP regions satisfying (3.97) and (3.103) — (3.104) are marked in Figure 4.b by thick solid lines.
The first region includes two feasible points (0,1), (1,1) and a line segment connecting them. This region
is a convex hull of the points (0,1) and (1,1). The second region includes points (5/7,0), (1,0) and a line
segment connecting them. The convex hull of feasible points satisfying (3.104) consist of the single point
(1,0). The LP region outside this convex hull can be cut off by aggressively rotating and shifting of
(3.97) without worrying about the first set described by x> > 1. The rotation is achieved by eliminating X,

from (3.97) by using x» < 0 from (3.104):
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-35x, <-25=-x _—g; (3.105)
and shifting is achieved by applying the floor operator (L) to the right-hand side of (105):

x >1. (3.106)
Finally, integer vertices of each set are connected. In particular, a line connecting vertices (0,1) and
(2.1,0) is a linear combination of them and is described by xi + x.. Therefore, all the points satisfy the

following cut:
X, + X, =1, (3.107)

which is exactly the same facet-defining cut as (3.102).
3.6.  Numerical Testing

The new method is implemented in CPLEX 12.6.0, and is tested on an Intel® Xeon® CPU E5620,
with 12M Cache, two 2.40 GHz processors, 36.00 GB of RAM, and Windows 7. In Example 3.6.1, it is
demonstrated that the surrogate Augmented Lagrangian relaxation (SALR) method converges faster as
compared to the standard subgradient method. In Example 3.6.2, by considering generalized assignment
problems it is demonstrated that the combination of surrogate Lagrangian relaxation and branch-and-cut
with the exploitation of subproblem convex hull invariance is more computational efficient as compared
to the standard branch-and-cut. In Example 3.6.3, by considering unit commitment problems with
combined cycle units it is demonstrated that SALR+B&C is more computationally efficient as compared

to standard branch-and-cut.

Example 3.6.1. A small example with inequality constraints. The purpose of this example is to
demonstrate the convergence of the surrogate Augmented Lagrangian relaxation method compared to that
of the subgradient-level method. To achieve this goal, the following small and relatively simple integer

nonlinear programming example subject to linear inequality constraints is considered:
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min {O}{O.Sxf +0.1x2 +0.5x; +0.1x; +0.5x2 + O.lxg} (3.108)

{x1.%0 %3 %4 %5 X6 JeZ4 U
S.t. 48 — X, +0.2X, — X3 +0.2X, — X5 +0.2Xs <0, 250 —5X; + X, —5X; + X, —5X5 + X5 < 0. (3.109)

Within the SALR, after the relaxation of constraints (3.109), penalization of constraint violations, and
performing V-shape linearization, one subproblem is solved at a time. As a result, multiplier-updating

directions are fairly smooth and the method converges fast without much of zigzagging as shown in

Figure 3.6.1.
3.5 4
’\.
3 \
- / ~ /"\A
25 =3 A
2 | \ an SALR with V-
~ ) N/ 2y T shape
~ 15 - | ’ linearization
1 - — - —- - SALR without
V-shape
05 - linearization
O T T T 1
0 2 4 6 8
2

Figure 3.6.1. Trajectories of multipliers for Example 3.6.1. Optimum is shown by a star.

As demonstrated in Figure 3.6.1, within the SALR without V-shape linearization, multipliers zigzag
more and multipliers do not converge because the satisfaction of the surrogate optimality condition may

not be guaranteed.

In Figure 3.6.2, the comparison of SALR with the subgradient level method will be demonstrated.
Because within the subgradient-level method all subproblems need to be solved, subgradient direction
change drastically and multipliers zigzag. Moreover, slow convergence is exacerbated because of the

need to adaptively adjust the estimate of the optimal dual value.
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Figure 3.6.2. Comparison of convergence of SALR and the subgradient-level method.

Example 3.6.2. Generalized Assignment Problems. The purpose of this example is to demonstrate the
exploitation of the subproblem convex hull invariance within the combination of the SLR method with
branch-and-cut. The method is implemented in CPLEX 12.6.0 by using C/C++ interfaces within
Microsoft Visual Studio 2013. CPLEX C Concert Technology is used to extract, save and load CPLEX-
generated cuts through the use of callable libraries. By considering randomly generated problem
instances, robustness of the combination of SALR with branch-and-cut and the combination of SLR with
branch-and-cut will be tested by solving respective subproblems by using CPLEX. The problem will then
also be solved by using SALR+B&C, and performance will be compared with the standard branch-and-
cut.

Problem Formulation. Generalized Assignment Problems minimize the total cost for assigning given
jobs to available machines. Each job is assigned to one machine, and the total time required by all jobs
assigned to a machine should not exceed the machine’s time available [1, 20, 65-67]. The problem is

formulated in the following way:

min Zl_iilgi,jxi,,—  Xi 6{0’1}’ 9;;20,8,;20b;20, (3.110)
Xij idlj=

st. _'glaimj <b,j=1..3, (3.111)
J -

_ 1Xi’j =li=1..,1, (3.112)
j=
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where | is the number of jobs and J is the number of machines, a;; is time required by job i to be
performed on machine j and gi;is cost for assigning job i to machine j. Capacity constraints (3.111)
ensure that the total amount of time required by the jobs to be performed on machine j does not exceed its
time available b;. Assignment constraints (3.112) ensure that each job is to be performed on exactly one
machine.

Exploitation of subproblem convex hull invariance within the combination of SLR and branch-and-
cut. After relaxing system-wide coupling assignment constraints and decomposing the resulting relaxed

problems, a subproblem j can be written as:

min {'zgi,jxi,j +zzixi,j},xi,j {01} g,,20,8,20b, >0, (3.113)

Xi,j li=1
st Ya, X, <b;. (3.114)

In an ideal situation, subproblem convex hulls are much simpler than the convex hull of the original
problem, and they can be efficiently obtained and kept. In this situation, there is little or no overhead and
all the cuts can be reused. In practice, however, when using CPLEX, the overhead that is involved in
accessing all the cuts that are generated by branch-and-cut may be large. This is because many of the
things that made our implementation possible needed to be buildup on top of the existing callable
libraries. However, because CPLEX is not open, this implementation creates an overhead.

Exploitation of the convex hull invariance. In an ideal situation, subproblem convex hulls are much
simpler than the convex hull of the original problem, and they can be efficiently obtained and kept. In
this situation, there is little or no overhead and all the cuts can be reused. In practice, however, when
using CPLEX, the overhead that is involved in accessing all the cuts that are generated by branch-and-cut
may be large. This is because many of the things that made our implementation possible needed to be
buildup on top of the existing callable libraries. However, because CPLEX is not open, this

implementation creates an overhead.

37



To demonstrate how retained cuts affect the CPU time, cuts are saved and retained every N (=1, 2, ...,
15) iterations (one iteration is complete after solving all the subproblems exactly once). The results are
summarized in Figure 3.6.3.
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Figure 3.6.3. CPU time per iteration for the Generalized Assignment Problem with 20 machines and 1600

jobs (d201600) depending on the frequency of generating/retaining of cuts

Figure 3.6.3 provides a numerical validation of the idea that with cuts saved and retained, solving
subproblems is still much easier than starting from scratch because presumably the LP region enclosed by
subproblem constraints and retained cuts is smaller as compared to the LP region enclosed by subproblem
constraints without cuts. However, as can be seen from Figure 3.6.3, when cuts are saved less frequently,

the benefit of saved cuts is reduced, and to solve the problem, branching operations are used.

Efficiency of SALR+B&C. To demonstrate the efficiency of SALR+B&C, problem instances of category
D from OR-Library [2, 21, 64] will be considered. Specifically, two large instances with 20 machines
and 1600 jobs (d201600), and with 80 machines and 1600 jobs (d801600) will be tested. Figures 4 and 5
provide a solution progress chart versus total running time within the combination of SALR+B&C and

within standard branch-and-cut.
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Figure 3.6.4. Comparison of SALR+B&C against the combination of SLR and branch-and-cut and
standard branch-and-cut for the Generalized Assignment problem d201600 with 20 machines and 1600
jobs

As shown in Figure 3.6.4, the combination of SLR and branch-and-cut obtains solutions with better
feasible costs as compared to standard branch-and-cut. Moreover, SALR+B&C further improves the
quality of solutions, and the best cost obtained within the method after further improves the quality of
solutions, and the best cost obtained within the method after 370 seconds is 97830, which is better as
compared 97837, which, to the best of our knowledge, is the smallest value reported in the literature ([2]

and [21]).
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Figure 3.6.5. Comparison of SALR+B&C against the combination of SLR and branch-and-cut and
standard branch-and-cut for the Generalized Assignment problem d801600 with 80 machines and 1600

jobs

The problem instance with 80 machines and 1600 jobs is the largest instance from OR-Library [64].
Because of the difficulties explained earlier, feasible solutions obtained by standard branch-and-cut are
worse in quality and in terms of running time as compared to the combination of surrogate Lagrangian
relaxation and branch-and-cut as demonstrated in Figure 3.6.5. The best feasible cost obtained within
SALR+B&C is 97052, which matches the best result obtained in [2] and [21].

Robustness of SALR+B&C. To test robustness, 30 Monte Carlo simulations are performed after slightly
perturbing parameters b; for the problem instance with 20 machines and 1600 jobs (d201600). The

stopping criterion is a 0.05% gap.

15

10
1

Total time (seconds)
Figure 3.6.6. Histogram showing performance of a) standard branch-and-cut, b) SALR+B&C for solving

GAP with 20 machines and 1600 jobs

As shown in Figure 3.6.6a, 6 instances out of 30 were solved within 500 seconds, indicating that on
occasion branch-and-cut can obtaining good cuts and solve the problem fast. However, for the remaining

24 instances, the CPU time was at least 1500 seconds, and it was as high as 4000 seconds indicating that
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for most problems, standard branch-and-cut was not able to solve the problem through cutting, and
frequently large number of branching operations were required thereby leading to poor performance.

To test SALR+B&C, the stopping criterion was chosen 0.025% Gap, and the results are shown in
Figure 3.6.6b. As shown in Figure 3.6.6b, all the instances were solved with the desired accuracy within

300 seconds, and the average time spent peaks abound 210 seconds.

Example 3.6.3. Unit Commitment and Economic Dispatch with Combined Cycle Units. Unit
Commitment and Economic Dispatch (UCED) minimizes the total generation cost associated with
independent generators to meet the system demand while satisfying generator capacity, ramp-rate and
minimum up- and down-time constraints [7-8] by determining which generators to commit and deciding
their generation levels. In a sense, system demand constraints are system-wide and coupling constraints
with respect to individual generators. While combined cycle units are more efficient as compared to
conventional units, transitions among states of a combined cycle unit complicate UCED problems [69-70]
and pose major computational challenges for branch-and-cut. A detailed description of the problem
formulation including modeling combined cycle transitions and their linearization can be found in [42-

43]. For simplicity, transmission capacity constraints are not considered.

Performance of SALR+B&C. Performance of SALR+B&C will be demonstrated by using unit
commitment problems with 300 conventional and 40 combined cycle units. Within SALR+B&C, the
choice of the penalty parameters and stepsizes is independent. Therefore, penalty parameters can be
increased more aggressively thereby efficiently penalizing constraint violations and leading to a fast and
stable convergence. SALR+B&C will be tested using three different parameters of ¢%: 103, 10, and 107
Parameters M and m® will be chosen to be 10%and 10%, respectively. The parameter 6 in (95) is chosen to
be 107, and the parameter 8 in (93)-(94) is chosen to be 1.05. The CPU time stopping criteria are chosen

to be 10 and 20 minutes. The results are summarized in Table 3.6.1.
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Table 3.6.1. Results for SALR+B&C for unit commitment with 300 conventional and 40 combined cycle

unit after 10 and 20 minutes of CPU time

CPU time
20 minutes 10 minutes
Value of c*
Feasible Lower Feasible Lower
o Gap (%) Gap (%) at
Cost Bound Cost Bound
convergence
103 8,634,154 | 8,594,001 0.465 8,731,362 | 8,594,001 15731 0.00638
10° 8,635,736 | 8,604,477 | 0.3619 | 8,774,375 | 8,583,555 2.1747 0.01020
107 8,644,031 | 8,592,093 | 0.6008 | 8,771,324 | 8,581,282 2.1666 0.00614

The robustness of SALR+B&C will also be tested against M® and m®introduced in (46). The method will

be tested using five different parameters of m® 10%, 10% 10°, 10°, and 107. Parameter c° is chosen to be

10, The parameter J in (94) is chosen to be 10 and the parameter g in (93)-(94) is chosen to be 1.05.

The CPU time stopping criteria are chosen to be 10 and 20 minutes. Table 3.6.2 summarizes the results.

Table 3.6.2. Results for SALR+B&C for unit commitment with 300 conventional and 40 combined cycle

unit after 10 and 20 minutes of CPU time

CPU time
20 minutes 10 minutes
m° Feasible Lower Gap Feasible Lower Gap
Cost Bound (%) Cost Bound (%)
103 8,647,352 | 8,575,445 | 0.8315 | 8,755,807 | 8,568,757 | 2.1363
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10 8,635,736 | 8,604,477 | 0.3619 | 8,774,375 | 8,583,555 | 2.1747
10° 8,637,736 | 8,591,635 | 0.5337 | 8,661,205 | 8,591,635 | 0.8032
10° 8,638,326 | 8,616,888 | 0.2481 | 8,686,405 | 8,616,888 | 0.8003
10’ 8,657,772 | 8,615,513 | 0.4881 | 8,698,247 | 8,615,513 | 0.9511

When m® is small (103-10%), the penalty coefficients increase slowly. As a result, constraint violations
decrease slowly because they are not sufficiently penalized. As a result convergence is slower, and this

leads to higher duality gaps.

Comparison with branch-and-cut. To compare SALR+B&C with branch-and-cut, the best results

obtained by each method are selected.

Table 3.6.3. Comparison of SALR+B&C, and standard branch-and-cut after 20 minutes

SALR+B&C B&C
Feasible Lower Feasible Lower
Gap (%) Gap (%)
Cost ($) Bound ($) Cost ($) Bound ($)
8,635,736 8,604,477 0.36 N/A 8,077,345 N/A

As demonstrated in Table 3 and also in Figure 7, after 20 minutes, SALR+B&C obtained a solution
with a corresponding duality gap 0.36%. Standard branch-and-cut was unable to obtain any feasible

solution within 20 minutes.
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Figure 3.6.7. Comparison of SALR+B&C and standard branch-and-cut

Robustness of SALR+B&C. To test robustness, unit commitment problem with 300 conventional and
20 combined cycle units is considered and 30 Monte Carlo simulations are performed after slightly
perturbing system demand for each hour, and the stopping criterion is a 10 minutes within SALR+B&C.
For standard branch-and-cut, the stopping criterion is 1 hour. The robustness results are shown in Figure

3.6.8.

0.00 005 0.10 0.15 0.20 025
20 25 30 as 40 45 50

MIP gap (%) Duality gap (%)
Figure 3.6.8. Histogram showing performance of a) standard branch-and-cut, b) SALR+B&C for solving

unit commitment problem with 300 conventional and 20 combined cycle units

As shown in Figure 3.6.8, the SALR+B&C method is very robust and consistent because for all the

instances considered, the duality gap is never above 0.25%. In contrast, performance of branch-and-cut is
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significantly affected by the initial data, and for the same set of problems, the MIP gap obtained is within

the much wider range from 2% to 5%.

3.6. Conclusions

In this section, to solve MIP and MILP problems, a novel solution methodology is developed based on
our recent Surrogate Lagrangian Relaxation with major convergence improvements following Augmented
Lagrangian relaxation. When specializing to MILP problems, to preserve fast convergence while
exploiting linear solvers, the novel V-shape linearization scheme is introduced. When further specializing
to block-structured MILP, subproblem solutions can be obtained analytically, and these solutions are
effectively coordinated. When solving large-scale problems for which facet-defining cuts are difficult to
obtain, the new method is robust and much more efficient as compared to frequently-used branch-and-cut
and our recent surrogate Lagrangian relaxation. As a future direction, since subproblem convex hulls are
much simpler than that of the original problem, if tight subproblem formulations can be obtained, solving
subproblems will be possible without cutting and branching operations. Then with effective coordination
of subproblem solutions by SALR, our capabilities to solve difficult MIP and MILP problems will be

advanced in a major way.
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Appendix A. Proof of Theorem 3.5.4.

Theorem 3.5.4. Comparison of Subproblem and Whole-Problem Gomory Cuts.
The area Z; is a subset of .

Moreover, if for a particular i, £ and x the following condition holds:
|
L 4P, ~Lubi]|=0, (A1)
]=

then areas w; and &; are equal. [
Proof: Consider constraints (3.38):

Ax+Ey<b. (A2)
Coefficients of aggregation are u« = (0, zu, ..., ). In a sense, only subsystem constraints will be
aggregated. After introducing non-negative slack variables s, the aggregated constraint becomes:

LAX + LEY + 155 = 1. (A3)
The equality (A3) can be equivalently written as:

LuA Ik =Lpb ] = ~(uAxL g ek piEy+ b+ b ). (A4)
When solving pure ILP problems, rotation and shifting can be performed after a pre-multiplication by .
However, when solving MILP problems, because of the presence of continuous variables, shifting
through truncation of b may cut off continuous feasible solutions. Therefore, disjunction is performed
together with rotation and shifting. For simplicity of the proof, left-hand side of (A4) will be considered
to create a disjunction:

LAl —| b <0, (A5)
and

LA X~ ub]>1. (A6)
Whole-Problem Gomory Inequalities.  Since subsystems have disjoint domains, (A5) can be

represented as



| |
EP‘; A< Ef‘jij - (A7)

To determine areas that are cut off by (A7) outside subsystem i convex hull, owing to disjoint nature of

subproblems, all xj’s other than X; can be set to zero, and (A7) becomes:
|
|_:UiA1 in < Zlﬂ i |. (A8)
=

Subproblem Gomory Inequalities. A disjunction of subproblem i inequalities can be constructed by
using the same logic as in (A5) — (A6), and the resulting disjunction is:

Lea A Jx; < Leab | (A9)
and

LeaA Jx =Ly 41 (A10)
Comparison. Left-hand sides of (A8) and (A10) are the same. To compare (A8) and (A0) for all
possible z, their right-hand sides will be compared. Owing to higher flexibility in which whole-problem

inequalities can be shifted as compared to subproblem inequalities, and the following inequality holds:
|
> by (< by ], forall (A11)
j=1

Therefore, the total area cut off by (A5) outside subproblem i convex hull is at least as large as the total
area cut off by (A9). Similarly, (A8) cuts off larger area as compared to (A10).

Gomory cuts are constructed by aggressive rotation and shifting based on each set from a disjunction,
and then by connecting these sets. Also, subproblem i Gomory cuts cut off the total area =i, and whole-
problem Gomory cuts cut off the total area Q;. Since subproblem i Gomory cuts are based on a
disjunction (A9) — (A11) that cuts off smaller areas, then E; is a subset of Qi. The logic of the proof will
remain the same if Ey and s are considered based on the right-hand side of (A4).

Equivalence of Subproblem and Whole-Problem Cuts. To determine performance of subproblem and

whole-problem Gomory cuts for particular x under condition (A1), consider the following equality:



| | .
O:LZ”ibi _Lujbj“:{z#‘b'J_ jbjj, for a particular s (A12)
i=1 i=1

Therefore, in the subproblem i space, (A5) is the same as (A9). As a result, under condition (Al),

whole-problem and subproblem i Gomory cuts are the same, and areas w; and &; are equal.



Chapter 4

Distributed and Asynchronous Unit Commitment and Economic

Dispatch

The drastic increase of generation uncertainty associated with intermittent renewables as well as demand
uncertainties associated with behind-the-meter generation create major challenges in power system
operations. The current centralized unit commitment and economic dispatch (UCED) approach used by
Independent System Operators (ISOs) will not be flexible enough in the future when numbers of nodes
and units are large and levels of uncertainties are high. In this section, a distributed and asynchronous
framework and the corresponding solution methodology are presented. In the method, unit subproblems
are solved locally in an asynchronous manner, and price-based coordination is performed by an 1SO.
Since prices are updated based on unit solutions obtained using prices of different vintages, convergence
may not be guaranteed. To overcome this difficulty, our recent surrogate Lagrangian relaxation (SLR) is
distributed, and conditions on price convergence are innovatively established through a Lyapunov energy
function of the distance from current prices to the optimum. To consider the effects of asynchronous unit
solutions, an upper bound of the energy function is shown to approach zero. Numerical testing on the
UCED problem with 1000 units without transmission capacity constraints indicates that the method is
robust and fast. To further explore the scalability of asynchronous coordination, a simplified UCED
problem with 10,000 units each with generation capacity constraints only indicates that the method

converges, is robust and more efficient as compared to ADMM.



4.1. Introduction

The drastic increase of generation uncertainty associated with intermittent renewables as well as
demand uncertainties associated with behind-the-meter generation creates challenges in power system
operations. According to NY-ISO’s annual report [1], the penetration of renewables reached 23% in 2015
and the proposed increase of wind penetration during 2016 is from 1.7 to 3.7 GW. Because of
intermittent nature of renewables, the generation uncertainty increases with the increase of levels of
renewable penetration. The demand uncertainty can result from the so-called “load defection” [2, 3]
whereby participants produce their own power or purchase it directly from suppliers. While customers
tend to use more solar power at a distribution level, this also contributes to the demand uncertainty at the
nodes of transmission network. According to NY-ISO’s annual report [1], such behind-the-meter PV
generation will increase form 1 GW in 2015 to almost 3 GW in 2025. Because ISOs do not see such
behind-the-meter generation, demand uncertainties will be difficult to handle. Generation and demand
uncertainties need to be accounted for while committing units days or hours ahead within the unit
commitment and economic dispatch (UCED) problem, an important problem solved by 1SOs on a daily
basis. However, the current centralized UCED approach used by ISOs will not be flexible enough in the
future when numbers of nodes and units are large and levels of uncertainties are high.

In this Chapter, to resolve uncertainty issues that 1SOs will face in the future, a distributed and
asynchronous framework for MILP problems and the corresponding solution methodology is established
whereby unit subproblems are solved locally in an asynchronous manner, and price-based coordination is
performed by an ISO. In Section I, existing distributed and asynchronous methods for MILP problems
will be reviewed. Most asynchronous methods such as ADMM [e.g., 4] require convexity of the problem
and cannot be easily extended for MILP problems. While traditional MILP methods are typically not
asynchronous, the novel methodology will be based on the Lagrangian relaxation method, and this
method will also be reviewed together with the recent surrogate Lagrangian relaxation (SLR) [5]. Within

standard Lagrangian relaxation, the relaxed problem is fully optimized and dual values are on the dual



surface. Therefore, subgradient directions form acute angles with directions toward the optimal
multipliers, and convergence can be guaranteed. However, the method may suffer from zigzagging of
multipliers and convergence can be slow. This difficulty was overcome within our recent SLR method
[5]. Without fully optimizing the relaxed problem, resulting “surrogate” subgradient directions are
smooth and zigzagging is alleviated. However, because surrogate dual values are no longer on the dual
surface, subgradient directions may not form acute angles with directions toward the optimal multipliers.
Nevertheless, under the simple “surrogate optimality condition,” surrogate dual values get close enough
to the dual surface to guarantee that surrogate subgradients also form acute angles with directions toward
the optimum. Within SLR, stepsizes approach zero thereby guaranteeing convergence, and at the same
time stepsizes remain large enough to reach the optimum and avoid premature algorithm termination [5].

In subsection 4.3, a novel distributed and asynchronous framework will be presented whereby
subproblems are solved using the latest available values of multipliers, and wait until updated values of
multipliers arrive. The coordinator will wait for subproblem solutions to arrive for a pre-specified amount
of time before updating multipliers.

In Section 4.4, under simplifying assumptions, a deterministic version of unit commitment subject to
unit-wise and system-wide demand constraints will be briefly presented. After relaxing system-wide
constraints, the relaxed problem can be decomposed into subproblems, and solving time of subproblems
will be assumed to be stochastic.

In Section 4.5, the corresponding solution methodology will be presented. The difficulty is that
surrogate subgradient directions may not form acute angles with directions toward the optimal multipliers.
Moreover, the difficulty is exacerbated because subproblem solutions are updated using multipliers of

different vintages. As a result, multipliers may not strictly approach the optimum. To overcome this



difficulty, it will be assumed that within a finite number of coordinator iterations10, all subproblem
solutions arrive to the coordinator at least once. Therefore, multipliers may move away from the
optimum only a limited distance, at worst. As such, there is an upper bound on the Layapunov energy
function of distance from current multipliers to the optimum. Moreover, after solving all subproblems at
least once, multipliers will be on or close the dual surface, and multipliers will move toward the optimum.
Because stepsizes approach zero, the upper bound of the Layapunov function will decrease. At the same
time, since stepsizes remain large enough the premature algorithm termination is avoided and the upper
bound decreases to zero.

In Section 4.6 it is demonstrated numerically, the new method is efficient to solve the UCED problem
with 1000 units and to provide a tight lower bound. Moreover, based on a simplified UCED problem
with 10000 units it is shown that the new method converges, is robust and more efficient as compared to

ADMM.
4.2. Literature Review

After reviewing distributed and asynchronous approaches for MILP problems, decomposition and
coordination methods will also be reviewed. The remaining difficulties associated with the asynchronous

nature will be presented.
4.2.1. Distributed and Asynchronous Methods

Distributed and asynchronous methods have been used for solving MILP as well as continuous
problems. While an effective practical asynchronous scheme was performed for an MILP slack matching
problem [6, 7], theoretical convergence has not been established. Particular power systems applications

of distributed and asynchronous methods used to solve LP problems include DC optimal power flow [8]

10 Coordinator may choose to update prices with consistent periodicity (e.g., every 10 seconds) using subproblem solutions that arrived during
this period.



and multi-objective stochastic economic dispatch problem [9]. A powerful method to solve continuous
and convex problems consensus optimization [10, 11] has been asynchronous ADMM, and the method
has been shown to converge with the rate is similar to synchronous ADMM and with the linear rate [4].
However, without the diminishing property of stepsizes ADMM cannot be easily extended for MILP

problems the method typically does not converge [12].
4.2.2. Decomposition and Coordination Methods

Subgradient method. One method that was traditionally used to solve MILP problems including unit
commitment and economic dispatch is Lagrangian relaxation [13, 14]. After relaxing system-wide
coupling constraints such as system demand constraints, the relaxed problem is separable and it can be
decomposed into individual subproblems. Within standard Lagrangian relaxation, multipliers are updated
by using subgradient methods after solving all the subproblems thereby ensuring that dual values are
always on the dual surface. While the convergence proof requires the knowledge of optimal dual value,
since subgradients form acute angles with directions toward the optimal multipliers, the optimal dual
value can be adaptively estimated to make sure that multipliers are getting closer to the optimum and
convergence in practice can be guaranteed. However, subgradient directions are frequently almost
perpendicular to the direction toward the optimal multipliers. As a result, multipliers suffer from
zigzagging thereby leading to very slow convergence.

Surrogate Lagrangian relaxation. Our recently-developed surrogate Lagrangian relaxation [5] overcomes
zigzagging as well as convergence difficulties by solving one or few subproblems at a time thereby
ensuring that “surrogate” subgradient directions do not change drastically and are smooth. Within the
method, multipliers are mostly above the dual surface and surrogate subgradient directions generally do
not form acute angles with directions toward the optimal multipliers. To guarantee convergence, the
relaxed problem needs to be sufficiently optimized subject to the simple “surrogate optimality condition.”
Essentially, when sufficiently close to the dual surface, it has been shown that surrogate subgradient

directions also form acute angles with directions toward the optimal multipliers, and typically such angles



are more acute as compared to those within the subgradient method and the zigzagging is alleviated.
Moreover, with small acute angles multipliers will approach the optimum faster thereby reducing the
number of iterations required for convergence. More importantly, convergence the optimum does not
require the knowledge of the optimal dual value. This was achieved with a constructive process in which
distances between Lagrange multipliers at consecutive iterations decrease, and as a result, stepsizes
approach zero and multipliers converge to a unique limit. At the same time, stepsizes are kept sufficiently

large to avoid premature algorithm termination.
4.3. Distributed and Asynchronous Framework

Suppose there are | distributed subproblem solvers, and one coordinator. Each subproblem and
reports to the coordinator, who will then iteratively coordinate subproblems solutions by updating prices.
Within the distributed and asynchronous framework, it will be assumed that after each subproblem is
solved, its solution is communicated to the coordinator, and the subproblem solver wait until prices A* are
updated. For example, in Figure 1 subproblem 4 will wait until updated price A* is available, and the wait
time is schematically shown by a dashed line. After prices are updated, subproblem solvers will use the
latest available values of prices. The coordinator will gather solutions that arrive during a pre-specified
amount of time (e.g. 10 seconds) before updating multipliers. If no solutions arrive, the iteration is
skipped. For example, as shown in Figure 1, at iteration Kk, the coordinator received subproblem 1, 4, 1+1
and I’s solutions and the coordinator can then update prices without waiting for other solutions to arrive.
As a result, the probability of arrival of solutions to the coordinator is uncertain and can be modeled by
assuming a certain distribution. Generally, there is a communication delay, but for simplicity it will be

ignored.
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Figure 4.3.1. Illustration of distributed and asynchronous framework. Subproblem solve time is

shown by a horizontal solid line, and dots indicate start and end of subproblem solve time.

4.4. Problem Description and Asynchronous Surrogate Lagrangian

Relaxation (DA-SLR)

Consider | units and one coordinator. The task of the coordinator is to minimize the total cost

consisting of energy and start-up costs:

& (py (1)) + T3, ), (4.1)

1 i=1t=1

M-
™M=

i=1t

subject to unit-wise constraints such as generation capacity, ramp-rate, and minimum up- and down-time

constraints [15-17] and the following system-demand constraints:
|
Zp =P°(1). (4.2)
After relaxing constraints (4.2) by introducing Lagrange multipliers A(t), which can be viewed as
prices, solution of the following price-based unit commitment problem is delegated to unit i:
T T T
2a(p 0.0+ 28,0+ 2 A0)p, ) (4.3)

subject to unit-wise constraints such as generation capacity, ramp-rate, and minimum up and down-time
constraints. Each such subproblem is linear and can be solved by using branch-and-cut locally by each

unit solver.



Within the SLR framework [5], it is sufficient to solve one subproblem (4.3) to satisfy the “surrogate
optimality condition” to ensure that surrogate subgradient directions form acute angles with direction
toward A". After one subproblem is solved, multipliers are updated and the next subproblem is solved. In
the following, a distributed and asynchronous framework will be established whereby several
subproblems may be solved at the same time, and multipliers update occurs without waiting for all
subproblem solutions to arrive to the coordinator.

As reviewed in Section Il, within the surrogate Lagrangian relaxation framework, surrogate dual
values are mostly above the dual surface, and surrogate subgradient directions will be denoted at

coordinator iteration k as §*and will be obtained based on levels of system demand constraint violations

as:

g =2 plf (1) -P°. (4.4)
Multipliers will then be updated as:11

A= +c*g" k=01,.... (4.5)

Here ki (< k) is the coordinator iteration number when subproblem i was solved based on A¥i. In the

following Section 4.5, it will be proved that the multipliers (4.5) will converge to the optimum.
4.5. Convergence of DA-SLR

As reviewed in Section Il, the major difficulty of the SLR method was that surrogate directions
(4.4) may not form acute angles with directions toward the optimal multipliers. Within the distributed
and asynchronous framework, this difficulty is compounded because solutions are obtained using
multipliers A(t) of different vintages as illustrated in Figure 4.5.1. If some of the subproblems are not

solved frequently enough, surrogate directions will not be sufficiently updated. As a result, multipliers

1 Here and later the argument t is dropped for clarity of explanation.
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may travel away from A* for a large number of iterations thereby potentially leading to divergence. This
effect of asynchronous unit solutions is illustrated in Figure 4.5.1 whereby between iterations N; and N,
multipliers move away from the optimum and the energy function increases. As a result, multipliers (4.5)

may not converge to the optimum, or convergence will be slow.

Lyapunov energy function - Distance

to the optimum — log scale

Iteration number

Figure 4.5.1. lllustration of convergence. The upper bound on distances from A* to 4™ is shown by a
straight line.

To overcome this issue the following will be assumed first:

Assumption 4.5.1: Within a finite number of coordinator iterations «, all subproblems will be solved at
least once.

This assumption is similar in nature to “bounded delay” assumption [18] and to “bounded staleness”
assumption [19]. This assumption is reasonable within the framework of Section Ill because it is
expected that subproblems are much smaller in size and complexity and can be solved within a reasonable
time.

By using this Assumption 4.5.1 together with the diminishing nature of stepsizes of the SLR
method, multipliers will converge to the optimum. The result is summarized in the following Theorem:

Theorem: Suppose that distances between multipliers at consecutive iterations decrease as:



Parameters a, satisfy

A= | < e = 27 0< e <1 (4.6)

ﬁai -0,k > o0, 4.7

i=1
thereby implying that by the contraction mapping, there exists a limit of A*. Moreover, stepsizes remain
large enough per

1-g
o

—0,k—>w. (4.8)

Then, if Assumption 1 holds, multipliers will be confined around A" per

X =A< (4.9)

Moreover, the bounds B* will approach zero thereby implying that multipliers approach 1.

Sketch of Proof:

Step 1: Increase of Lyapunov energy function. As argued before, the effect of asynchronous unit
solutions may lead to the increase of Layapunov energy function. Because of Assumption 4.5.1, all
subproblems will be solved within a finite number of iterations «, and as a result, multipliers may travel
away from 1" a finite distance.

Step 2: Decrease of Lyapunov energy function. After solving all subproblems at least once, surrogate
dual values will be on the dual surface or very close to it. Therefore, owing to the properties of
subgradient directions and properties of surrogate subgradient directions as reviewed in Section 4.2, these
directions will form acute angles with the direction toward A", multipliers will start approaching A”. Also,
per (4.8) it is guaranteed that stepsizes remain large enough thereby ensuring that the algorithm will not
terminate prematurely and multipliers will make significant progress toward A". On Figure 4.5.2, it is
shown that a significant progress is made between iterations N, and N5.

Step 3: Decrease of upper bounds on Lyapunov function. Since distances between multipliers at
consecutive iterations decrease per (4.6) and the constant x in Assumption does not change, multipliers

will move away from 1" by smaller amounts in future iterations. In Figure 4.5.2, it is illustrated, for

10



example, that distance travelled between iterations N; and N, is smaller than the distance travelled
between iterations N; and N,. As a result, the bounds within which multipliers travel will tighten round
X
Step 4: Decrease of upper bounds to zero. On the larger scale, owing to (4.8) stepsizes remain large
enough thereby ensuring that this process or tightening the bound in (4.9) will repeat periodically and
infinitely often thereby leading to convergence.

In the following Section 4.6, efficiency, coordination aspects and scalability of the new method will

be tested.
4.6. Numerical Testing

The new method is implemented by using CPLEX 12.6.0 on 64-bit windows by using a laptop with
the processor Intel® CoreTM i7-4910MQ CPU @ 2.90GHz, 16 GB of RAM. The distributed processing
will be simulated by assuming that CPU times of each distributed processor follow specified statistical
distribution.

Example 4.6.1: UCED with 1000 units.

Consider a UCED problem with 1000 units with linear energy prices. The novel DA-SLR method
will be compared with the alternate direction method of multipliers (ADMM). It is assumed that all
solving times of distributed processors are independent and follow identically distributed truncated
normal distributions. Parameters of the normal distributions are chosen in a way that k in the assumption

of Section 4.5 is « = 3000. The results are shown in the following Figure 4.6.1.

11



13,000,000 -

X
11,000,000 - - -~ - ADMM (Upper
N Bound)
9,000,000 - TN
~ ---- ADMM (Lower
£ 7,000,000 - Bound)
[%2}
O -
© 5,000,000 - __--~7 ——DA-SLR (Upper
-7 Bound)
3,000,000 1 T — DA-SLR (Lower
1,000,000 . ‘ ‘ | | Bound)
0 2 4 6 8 10

Solving time (min)

Figure 4.6.1. Results on UCED with 1000 units: Comparison of DA-SLR and ADMM

Within the DA-SLR the duality gap after 10 minutes (time required to solve subproblems + time
required to update multipliers) is less than 1% while within ADMM, the duality gap is 46%. When
solving the non-convex problem (2.1), DA-SLR has a diminishing property of stepsizes per (7) which per
Section V allow to prove that upper bounds on distances from A* to A" tighten, which also implies that the
lower bound provided within the method tightens. According the results in Figure 3, this lower bound
tightens fast. In contrast, ADMM typically does not converge [9] when solving MILP problems such as
unit commitment, because stepsizes within ADMM do not have a diminishing property, which is required
for the optimization of associated non-smooth dual functions.

Example 4.6.2: Robustness testing by considering a simplified UCED problem with 10,000 units.

To test robustness of the coordination aspect of the method developed in this Chapter, consider
simplified 2-hour UCED problem with 10,000 units each only with generation capacity constraints and 2
coupling demand constraints. Assume that solving time of each subproblem is uniformly distributed and
the probabilities of arrival of solutions to the coordinator are uniformly distributed. Assume that the
coordinator waits for 10 subproblem solutions to arrive before updating multipliers. The method was run

5 times and trajectories of multipliers are shown in the following Figure 4.6.2.
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Figure 4.6.2. Trajectories of multipliers for Example 4.6.2 (robustness)

As shown in Figure 4.6.2, trajectories of multipliers are consistent with each other. In the
following Figure 4.6.3, a comparison of convergence of DA-SLR and ADMM is performed and it is
demonstrated that that the upper bound on the on distances from A*to A” approaches zero, and as a result

multipliers approach the dual optimum within DA-SLR.

O-Ol T T 1
" A > 20 40 60
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L
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Iteration Number

Figure 4.6.3. Comparison of DA-SLR with ADMM for Example 4.6.2. Upper bounds on distances to

the optimum are shown by straight lines
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As demonstrated in Figure 4.6.3, the upper bound on the distance to the optimum decreases much

faster within the novel DA-SLR method as compared to that of ADMM.

4.7. Conclusion

This Chapter addresses the issue that the growing increase in generation and demand uncertainties
brings to power systems operations by developing the distributed and asynchronous framework whereby
solutions to price-based unit subproblems are coordinated by the coordinator such as an 1SO
asynchronously. Conditions on price convergence are innovatively established through upper bounds on
a Lyapunov energy function and by proving that these bounds approach zero. It is demonstrated
numerically that the new method is robust and converges fast. The method can also be extended for
problems with transmission capacity constraints by coordinating nodal subproblem solutions using DA-
SLR. Also, the method can also be used for distribution problems with a very large number of

subproblems associated, for example, with PV solar panels.
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