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Convexification of Generalized Network Flow
Problem

Somayeh Sojoudi - Salar Fattahi - Javad
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Abstract This paper is concerned with the minimum-cost flow problem over
an arbitrary flow network. In this problem, each node is associated with some
possibly unknown injection and each line has two unknown flows at its ends
that are related to each other via a nonlinear function. Moreover, all injections
and flows must satisfy certain box constraints. This problem, named general-
ized network flow (GNF), is highly non-convex due to its nonlinear equality
constraints. Under the assumption of monotonicity and convexity of the flow
and cost functions, a convex relaxation is proposed, which is shown to always
obtain globally optimal injections. This relaxation may fail to find optimal
flows because the mapping from injections to flows is not unique in general.
We show that the proposed relaxation, named convexified GNF (CGNF), ob-
tains a globally optimal flow vector if the optimal injection vector is a Pareto
point. More generally, the network can be decomposed into two subgraphs
such that the lines between the subgraphs are congested at optimality and
that CGNF finds correct optimal flows over all lines of one of these subgraphs.
We also fully characterize the set of all globally optimal flow vectors, based
on the optimal injection vector found via CGNF. In particular, we show that
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this solution set is a subset of the boundary of a convex set, and may include
an exponential number of disconnected components. A primary application of
this work is in optimization over electrical power networks.

Keywords Network flow - Lossy networks - Convex optimization - Convex
relaxation - Electrical power networks - Optimal power flow

1 Introduction

The area of “network flows” plays a central role in operations research, com-
puter science and engineering [1L[2]. This area is motivated by many real-word
applications in assignment, transportation, communication networks, electri-
cal power distribution, production scheduling, financial budgeting, and aircraft
routing, to name only a few. Network flow problems have been studied exten-
sively since 1962 [3H12|. The minimum-cost flow problem aims to optimize the
flows over a flow network that is used to carry some commodity from suppli-
ers to consumers. In a flow network, there is an injection of some commodity
at every node, which leads to two flows over each line at its endpoints. The
injection—depending on being positive or negative, corresponds to supply or
demand at the node. The minimum-cost flow problem has been studied thor-
oughly for a lossless network, where the amount of flow entering a line equals
the amount of flow leaving the line. However, since real-world flow networks
could be lossy, the minimum-cost flow problem has also attracted much at-
tention for generalized networks, also known as networks with gain |2}[13}[14].
In this type of network, each line is associated with a constant gain relating
the two flows of the line through a linear function. From the optimization
perspective, network flow problems are convex and can be solved efficiently,
unless there are discrete variables involved [15].

There are important real-world flow networks that are lossy, where the loss
is a nonlinear function of the flows. An example is electrical power networks
for which the loss over each line (under fixed voltage magnitudes at both ends)
is given by a parabolic function due to Kirchhoff’s circuit laws [16]. The loss
function could be much more complicated depending on the power electronic
devices installed on the transmission line. To the best of our knowledge, there
is no theoretical result in the literature on the design of efficient algorithms
for network flow problems with nonlinear flow functions, except in very special
cases. This paper is concerned with this general problem, named Generalized
Network Flow (GNF). Note that the term “GNF” has already been used in
the literature for networks with linear losses, but it corresponds to arbitrary
lossy networks in this work.

GNF aims to optimize the nodal injections subject to flow constraints for
each line and box constraints for both injections and flows. A flow constraint is
a nonlinear equation that relates the flows at both ends of a line. To solve GNF,
this paper makes the practical assumption that the cost and flow functions are
all monotonic and convex. The GNF problem is still highly non-convex due
to its equality constraints. However, a question arises as to whether there
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is an efficient algorithm for finding globally optimal injections and flows for
GNF under the assumption that the GNF problem is feasible. In this work,
we prove that the answer to this question is affirmative for optimal injections
(and optimal total cost), but not necessarily optimal flows. More specifically,
we provide a convex relaxation of GNF that yields globally optimal injections.

Observe that relaxing the nonlinear line flow equalities to convex inequali-
ties gives rise to a convex relaxation of GNF. It can be easily seen that solving
the relaxed problem may lead to a solution for which the new inequality flow
constraints are not binding. One may speculate that this observation implies
that the convex relaxation is not tight. However, the objective of this work is
to show that as long as GNF is feasible, the convex relaxation is tight. We also
generalize the above results to the case where, other than local constraints over
a line or at a node, there are global constraints relating the flows of different
lines or injections of different nodes.

Although the proposed convex relaxation always finds the optimal injec-
tions (and hence the optimal objective value), it may produce wrong flows
leading to non-binding inequalities. The reason behind the failure of the con-
vex relaxation in finding globally optimal flows is that the mapping from flows
to injections is not invertible. For example, it is known in the context of power
systems that the power flow equations may not have a unique solution [17].
Having found the globally optimal injection vector through the proposed con-
vex relaxation, we also study the possibility of finding optimal flows from
the optimal injections. First, we prove that if the optimal injection vector is
a Pareto point in its feasible region, the convex relaxation of GNF obtains
globally optimal flows for GNF. Second, we show that whenever the optimal
injection vector lies on the boundary of its feasible region, the flow network can
be divided into two sub-networks such that: (i) the convex relaxation obtains
optimal flows over one sub-network, (ii) the lines between the two sub-networks
are all congested at optimality and the convex relaxation correctly identifies
these lines. In other words, we relate the possible failure of the convex relax-
ation in finding optimal flows for the whole network to certain congested lines.
Moreover, we fully characterize the set of all optimal flow vectors. In particu-
lar, we show that this set may be infinite, non-convex, and disconnected, but
belongs to the boundary of a convex set.

1.1 Application of GNF in Power Systems

The operation of a power network depends heavily on various large-scale op-
timization problems such as state estimation, optimal power flow (OPF),
security-constrained OPF, unit commitment, sizing of capacitor banks and
network reconfiguration. These problems are highly non-convex due to the
nonlinearities imposed by laws of physics [18,/19]. For example, each of the
above problems has the power flow equations embedded in it, which are non-
linear equality constraints. The nonlinearity of OPF, as the most fundamental
optimization problem for power systems, has been studied since 1962, leading
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to various heuristic and local-search algorithms [20-28]. These algorithms suf-
fer from sensitivity and convergence issues, and more importantly they may
converge to a local optimum that is noticeably far from a global solution.

Recently, it has been shown in [29-31] that the semidefinite programming
(SDP) relaxation is able to find a global or near-global solution of the OPF
problem under a sufficient condition, which is satisfied for IEEE benchmark
systems, Polish Grid with more than 3000 nodes, and many randomly gener-
ated power networks. The papers [32] and [19] prove that the satisfaction of this
condition is due to the passivity of transmission lines and transformers. In par-
ticular, [19] shows that in the case where this condition is not satisfied (see [33]
for counterexamples), OPF can always be solved globally in polynomial time
(up to any finite precision) after two approximations: (i) relaxing angle con-
straints by adding a sufficient number of actual/virtual phase shifters to the
network, (ii) relaxing power balance equalities to inequality constraints. OPF
under Approximation (ii) was also studied in [34436] for distribution networks.
The paper [37] studies the optimization of active power flows over distribution
networks under fixed voltage magnitudes and shows that the SDP relaxation
works without having to use Approximation (ii) as long as a practical angle
condition is satisfied.

The idea of convex relaxation developed in [38] and [29] can be applied to
many other power problems, such as voltage regulation [39], energy storage
[40], state estimation [41}/42], sensor placement [43], calculation of voltage
stability margin [44], charging of electric vehicles [45], security constrained
OPF with possibly variable tap-changers and capacitor banks [31./46], dynamic
energy management [16] and electricity market [47]. In the same vein, [4§]
and [49] combine a convex relaxation of the power flow equations with iterative
approaches to reduce the complexity of the semidefinite programming and to
address certain problems in power systems that include discrete variables, such
as unit commitment and optimal transmission switching problems [50,51].
Although the SDP relaxation has been shown to be exact in several real-world
examples, [33] demonstrates that this relaxation may fail in some instances. To
improve upon the SDP relaxation for such cases, [52] and [53] use a hierarchy
of semidefinite relaxations, known as Lasserre hierarchy [54], which obtain
global minima of the OPF problem at the expense of a higher computational
complexity. The paper [55] proves that in the case where the SDP relaxation
is not exact, it still has a low-rank solution whose rank is upper bounded by
the treewidth of the power system plus one.

Energy-related optimization problems with embedded power flow equations
can be regarded as nonlinear network flow problems, which are analogous to
GNF. The results derived in this work for a general GNF problem lead to
the generalization of the result of [36] to networks with virtual phase shifters.
This proves that in order to use SDP relaxations for OPF over an arbitrary
power network, it is not needed to approximate power balance equalities with
inequality constraints (under a practical angle assumption).
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1.2 Notations

The following notations will be used throughout this paper:

— R and R denote the sets of real numbers and nonnegative numbers, re-
spectively.

— Given two matrices M and N, the inequality M < N means that M is less
than or equal to N element-wise.

— Given a set T, its cardinality is shown as |T].

— Lowercase, bold lowercase and uppercase letters are used for scalars, vectors
and matrices (e.g., #, x and X). The i'" entry of a vector x is shown as
z;. Likewise, the (i,)'" entry of a matrix X is denoted as X;;.

— Given a nonconvex optimization problem, the term “solution” is short for
“globally optimal solution” henceforth (because local minima are not
of interest in this work).

2 Problem Statement and Contributions

Consider an undirected graph (network) G with the vertex set N := {1,2, ..., m}
and the edge set £ C N x N. For every i € N, let N(7) denote the set of the
neighboring vertices of node i. Assume that every edge (i,5) € £ is associated
with two unknown flows p;; and p;; belonging to R. The parameters p;; and
pji can be regarded as the flows entering the edge (4, j) from the endpoints ¢
and j, respectively. Define

pi = Z Dij> Vie N (1)
JEN (i)

The parameter p; is called “nodal injection at vertex i” or simply “injection”,
which is equal to the sum of the flows leaving vertex i through the edges
connected to this vertex. Given an edge (i,j) € £, we assume that the flows
pij and pj; are related to each other via a function f;; (+) to be introduced later.
To specify which of the flows p;; and p;; is a function of the other, we give
an arbitrary orientation to every edge of the graph G and denote the resulting
graph as 3 Denote the directed edge (arc) set of G as £ . If an edge (i,j) € €
belongs to ?, we then express p;; as a function of p;;.

Definition 1 Define the vectors py, Pe and pq as follows:
pn = {pi | Vie N} (2a)
Pe = {pi; | V(i,j) € £} (2b)
pa = {pi; | ¥(i,5) € €} (2¢)

(the subscripts “n”, “e” and “d” stand for nodes, edges and directed edges).
The terms pn, Pe and pq are referred to as injection vector, flow vector and
semi-flow vector, respectively (note that pe contains two flows per each line,
whereas pq includes only one flow per line).
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Definition 2 Given two arbitrary points x,y € R™, the box B(x,y) is defined
as follows:
B(x,y) ={zeR" x <z <y} 3)

(note that B(x,y) is non-empty only if x <y).

Assume that each injection p; and each flow p;; must be within the pre-
specified intervals [pj"™, pi*®*] and [p}™, pf3**], respectively, for every i € N
and (i,7) € . We use the shorthand notation B for the box B(py™, pp),
where pp"" and p)'** are the vectors of the lower bounds pj*'"’s and the upper

max:?

bounds p;"*®*’s, respectively.
This paper is concerned with the following problem.

Generalized network flow (GNF) Problem:

min Z fi(ps) (4a)
iEN

PnEB,p.ERIEI
subject to p; = Z Pijs Vie N (4b)
JEN (i)
pji = fij(pij), v(i,j) € g (4c)
py € "™, Vi) €€ (4d)

where

1) fi(*) is convex and strictly increasing for every i € N.
2) fi; () is convex and strictly decreasing for every (i,j) €

3) The limits p?;m and pii*™* are given for every (i, j) €

In the case where f;;(p;;) is equal to —p;; for all (4,j) € ?, the GNF
problem reduces to the network flow problem for which every line is lossless.
A few remarks can be made here:

— Given an edge (4, 7) € ?, there is no explicit limit on p;; in the above formu-
lation of the GNF problem because any such constraint can be equivalently
imposed on p;;.

— Given a node i € N, the assumption of f;(p;) being monotonically in-
creasing is motivated by the fact that increasing the injection p; normally
elevates the cost in practice.

— Given an edge (i,j) € ?, pij and —p;; can be regarded as the input
and output flows of the line (7,j) traveling in the same direction. The
assumption of f;;(p;;) being monotonically decreasing is motivated by the
fact that increasing the input flow normally makes the output flow higher
in practice (note that —p;; = —fi;(pis))-

Definition 3 Define P as the set of all vectors p,, for which there exists a

vector p. such that (Pn,Pe) satisfies equations (@), @ and @) The set
P and PN B are referred to as injection region and box-constrained injection

region, respectively.
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Fig. 1: The graph G studied in Section
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Fig. 2: (a) Injection region P for the GNF problem given in ; (b): the set
P, corresponding to the GNF problem given in .

Regarding Definition [3] the box-constrained injection region is indeed the
projection of the feasible set of GNF onto the space for the injection vector
Prn- We express GNF geometrically as follows:

G tric GNF : i i\Di 5
eometric pnlélg% ng\;f (p ) ( )

Note that p. has been eliminated in Geometric GNF. It is hard to solve
this problem directly because the injection region P is non-convex in general.
This non-convexity can be observed in Figure a), which shows P for the
two-node graph drawn in Figure 1 To address this non-convexity issue, the
GNF problem will be convexified next.

Convexified generalized network flow (CGNF) Problem:

min Z fi(ps) (6a)
1EN

P, eB,P.cRIEI

subject to p; = Z Dijs Vie N (6b)
JEN (D)

Dji > fij(Pij)s V(i,j) € ? (6¢)

pij € [p%}in,p;?aXL V(Zu?) €¢ (Gd)

min

where (P5™, pii*>) is defined as (f;:(P5™), fi:(P5™)) for every (i,j) € € such
that (j,1) €
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CGNF has been obtained from GNF by relaxing equality to inequal-
ity and adding limits to p;; for every (j,i) € ? One can write:

Geometric CGNF : pnrg%?ﬂl?i%\:/fi(pi) (7)

where P, denotes the set of all vectors p,, for which there exists a vector p.

such that (pn, pe) satisfies equations , and . Two main results to
be proved in this paper are:

— Geometry of injection region: Given any two points p,, and p,, in the
injection region, the box B(pn,Pr) is entirely contained in the injection
region. A similar result holds true for the box-constrained injection region.

— Relationship between GNF and CGNF': Using the above result on
the geometry of the injection region, we show that if (p%, p’) and (p:, p7)
denote two arbitrary solutions of GNF and CGNF, then p} = p;. Hence,
CGNF always finds the correct optimal injection vector for GNF. Moreover,
(Pr,pk) is a solution of GNF as well if p¥ is a Pareto point in P. More
generally, if p}, resides on the boundary of P, but is not necessarily a Pareto
point, CGNF finds the correct optimal flows for a non-empty subgraph of G.

Furthermore, the above results are generalized to an extended GNF prob-
lem, where there are global constraints coupling the flows or injections of dif-
ferent parts of the network. In particular, it is proved that the technique devel-
oped for the GNF problem works for the extended GNF problem as well, pro-
vided that the coupling constraints are convex and preserve a box-preserving
property. Note that this work implicitly assumes that every two nodes of G
are connected via at most one edge. However, the results to be derived later
are all valid in the presence of multiple edges between two nodes. To avoid
complicated notations, the proof will not be provided for this case. However,
Section [3.1] will analyze a simple example with parallel lines.

3 Main Results

In this section, we first provide a detailed illustrative example to clarify the
non-convexity issue and highlight some of the contributions of this paper. The
main results for GNF and CGNF problems are developed in Subsections (3.2
and respectively. The set of all optimal flow vectors is charaterized in
Subsection The generalization to the extended GNF problem is provided
in Subsection [3.5] Finally, the application of the developed methodology in
power systems is discussed in Subsection [3.6

3.1 Ilustrative Example

In this subsection, we study the particular graph G depicted in Figure [1| This

graph has two vertices and two parallel edges. Let (p%), péll)) and (pg), pg))
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denote the flows associated with the first and second edges of the graph, re-
spectively. Consider the GNF problem

min  fi(p1) + f2(p2) (8a)
st pyl = (p§2 - 1)2 ~1,  Vie{1,2} (8b)
~05<ply <05, —1<pi) <1, (8¢)
pr=p +piy, p2=psy + 5 (8d)

with the variables p1,pg,pglz),pgll),pg),pg), where f1(-) and fa(-) are arbi-
trary convex and monotonically increasing functions. The CGNF problem
corresponding to this problem can be obtained by replacing with pézl) >
(p%) —1)2 — 1 and adding the limits pgll) <1.52—1and pg) <22 —1. One can
write:

Geometric GNF: min _ f1(p1) + f2(p2) (9a)
(p1,p2)€EP

Geometric CGNF: min _ f1(p1) + f2(p2) (9b)
(p1,p2)€EP:

where P and P. are indeed the projections of the feasible sets of GNF and
CGNF over the injection space for (p1, p2) (note that there is no box constraint
on (p1,p2) at this point). The green area in Figure (a) shows the injection
region P. As expected, this set is non-convex. In contrast, the set P, is a
convex set containing P. This set is shown in Figure [[(b), which includes two
parts: (i) the green area that is the same as P, (ii) the blue area that is the
part of P, that does not exist in P. Thus, the transition from GNF to CGNF
extends the injection region P to a convex set by adding the blue area. Notice
that P, has three boundaries: (i) a straight line on the top, (ii) a straight line
on the right side, (iii) a lower curvy boundary. Since f1(-) and f>(-) are both
monotonically increasing, the unique solution of Geometric CGNF must lie
on the lower curvy boundary of P.. Since this lower boundary is in the green
area, it is contained in P. As a result, the unique solution of Geometric CGNF
is a feasible point of P and therefore it is a solution of Geometric GNF. This
means that CGNF finds the optimal injection vector for GNF.

To make the problem more interesting, we add the box constraint (p1,p2) €
B to GNF (and correspondingly to CGNF), where B is an arbitrary rectangular
convex set in R2. The effect of this box constraint will be investigated in four
different scenarios:

— Assume that B corresponds to Box 1 (including its interior) in Figure [3{(a).
In this case, PN B = P. N B = ¢, implying that Geometric GNF and
Geometric CGNF are both infeasible.

— Assume that B corresponds to Box 2 (including its interior) in Figure [3{(a).
In this case, the solution of Geometric CGNF lies on the lower boundary
of P, and therefore it is also a solution of Geometric GNF.
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Fig. 3: (a): This figure shows the set P. corresponding to the GNF problem
given in together with a box constraint (p1,p2) € B for four different
positions of B; (b) this figure shows the injection region P for the GNF problem

given in but after changing to .

— Assume that B corresponds to Box 3 (including its interior) in Figure [3{(a).
In this case, the solutions of Geometric GNF and Geometric CGNF are
identical and both correspond to the lower left corner of the box B.

— Assume that B corresponds to Box 4 (including its interior) in Figure [3{(a).
In this case, PNB = ¢ but P.NB # ¢. Hence, Geometric GNF is infeasible
while Geometric CGNF has an optimal solution.

In summary, it can be argued that, independent of the position of the box B
in R2, CGNF finds the optimal injection vector for GNF as long as GNF is
feasible. _ _

Now, suppose that the relationship between pgl) and pgg is governed by

. N 2
= (p2) -1 vie{12) (10)

instead of . The injection region P in the case is depicted in Figure b).
As before, we impose a box constraint (p1,p2) € B on GNF, where B is shown
as “Box” in the figure. It is easy to show that the lower left corner of this box
belongs to P, and hence it is a solution of Geometric CGNF. However, this
corner point does not belong to Geometric GNF. More precisely, Geometric
GNF is feasible in this case, while its solution does not coincide with that
of Geometric CGNF. Hence, Geometric GNF and Geometric CGNF are no
longer equivalent after changing to . This is a consequence of the fact
that the function (p — 1)2 — 1 is decreasing in p over the interval [—1,1] while
the function p? — 1 is not. This explains the necessity of the assumption of the
monotonicity of f;;(-) made earlier in the paper.

3.2 Geometry of Injection Region

In order to study the relationship between GNF and CGNF, it is beneficial
to explore the geometry of the feasible set of GNF. Hence, we investigate the
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geometry of the injection region P and the box-constrained injection region
P N B in this part.

Theorem 1 Consider two arbitrary points p,, and p, in the injection region
P. The box B(Dn,Dn) is contained in P. [ ]

The proof of this theorem is based on four lemmas, and will be provided
later in this subsection. To understand this theorem, consider the injection
region P depicted in Figure a) corresponding to the illustrative example
given in Section If any arbitrary box is drawn in R? in such a way that
its upper right corner and lower left corner both lie in the green area, then
the entire box must lie in the green area completely. This can be easily proved
in this special case and is true in general due to Theorem [I| However, this
result does not hold for the injection region given in Figure b) because the
assumption of monotonicity of f;;(-)’s is violated in this case. The result of
Theorem|[I]can be generalized to the box-constrained injection region, as stated
below.

Corollary 1 Consider two arbitrary points p, and p, belonging to the boz-
constrained injection region P N B. The box B(Pn, Pn) s contained in P N B.

Proof: The proof follows immediately from Theorem [I] |
The rest of this subsection is dedicated to the proof of Theorem [I} which
is based on a series of definitions and lemmas.

Definition 4 Define By as the box containing all vectors pq introduced in (@

min

that satisfy the condition p;; € [pij™, pii**] for every (i, j) €

Definition 5 It is said that py is associated with p,,, or vice versa, if (Pn, Pd)
is feasible for the GNF problem. Likewise, pe is associated with py, if (Pn, Pe)
is feasible for the CGNF problem.

Definition 6 Given two arbitrary points Pq,Pa € Ba, define M (Pg, Pa) ac-
cording to the following procedure:

— Let M(Pg,Pa) be a matriz with |N| rows indexed by the vertices of G and
with | £ columns indexed by the edges in £ .

— For every vertexr k € N and edge (i,7) € ?, set the (k, (i,7))" entry of
M (Pa,Pa) (the one in the intersection of row k and column (i,7)) as

1 if k=i
Lulbug=lul®a) if k= j and pij # iy (1)
fij(i) i k=j and pij = pij
0 otherwise

where f};(Pi;j) denotes the right derivative of fi;(pij) if Pij < pf3™® and the left
maxr

derivative of fij(pij) if Dij = pf;
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Edge Edge Edge
(1,2)  (23) (3,1)

Node 1 =» 1 O *

Node2=> | * 1 ()
Node 3 = 0

*
o

(p[japji)

i >~ (plj > pjz )
“min max p ij
Dij Dij
()

Fig. 4: (a) A particular graph G; (b) the matrix M (pg, Pq) corresponding to
the graph G in Figure a); (c): the (4, (i,5))™ entry of M(pg,Paq) (shown
as “*7) is equal to the slope of the line connecting the points (p;;,p;;) and
(Dij Dji)-

To illustrate Definition @ consider the three-node graph ? depicted in
Figure a). The matrix M (P4, Pa) associated with this graph has the structure
shown in Figure b)7 where the “*” entries depend on the specific values of

DPa and pg. Consider an edge (i,7) € € The (4, (i, 5))™" entry of M (pg,Pa) is
equal to
fii(Diz) — fij (Pij)
Pij — Dij

: (12)

provided p;; # pi;. As can be seen in Figure C), this is equal to the slope of the
line connecting the point (p;;,pj;i) to the point (p;;, p;;) on the parameterized
curve (pij, pji), where pj; = fij(pij). Moreover, f.(pi;) is the limit of this slope
as the point (p;;,p;;) approaches (§;;,D;;). It is also interesting to note that
M (Pg, Pa) has one positive entry, one negative entry and m — 2 zero entries in
each column (note that the slope of the line connecting (p;j, ;i) to (Pij, Dji)
is always negative). The next lemma explains how the matrix M (pg4, P4) can
be used to relate the semi-flow vector to the injection vector.
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Lemma 1 Consider two arbitrary injection vectors p, and p, in P, associ-
ated with the semi-flow vectors pg and pg (defined in @) The relation

Pn — f)n = M(f’d»f’d) X (pd - f)d) (13)
holds.

Proof: One can write

Pi —pi = Z (Pij — Dij)s Vie N (14)
JEN(3)

By using the relations
Dji = fij(Pij), Dy = [iz(Piz), V(i,J) € g (15)

it is straightforward to verify that and are equivalent. |

Lemma [I| can be regarded as a generalization of the conventional node-
edge adjacency matrix used to describe the topology of the graph, which re-
lates semi-flow vectors to injection vectors. The next lemma investigates an
important property of the matrix M (pg, Pa)-

Lemma 2 Given two arbitrary points Py, Pa € B4, assume that there exists
a nonzero vector x € R™ such that xT M (pg,pa) > 0. If x has at least one
strictly positive entry, then there exists a monzero vector y € R such that
y" M(pa, Pa) > 0.

Proof: Consider an index ig € AN such that z;, > 0. Define V(ip) as the
set of all vertices 4 € A from which there exists a directed path to vertex i
in the graph 3 Note that V(ig) includes vertex ig itself. The first goal is to
show that

x; >0, Vi € V(ip) (16)
To this end, consider an arbitrary set of vertices iy, ...,i; in V(i) such that
{i0,11..., 9} forms a direct path in a as

T — T—1 — 11 — 1p (17)

To prove , it suffices to show that z;,,...,x;, > 0. For this purpose, one
can expand the product x” M (pg, pa) and use the fact that each column of
M (P4, Pa) has m — 2 zero entries to conclude that

+ fi1i0(pi1io) - filio (ﬁilio)

DPivio — Piyio

Ty Tig Z 0 (18)
Since x;, is positive and f;,;, () is a decreasing function, z;, turns out to be
positive. Now, repeating the above argument for i; instead of iy yields that
z;, > 0. Continuing this reasoning leads to z;,,...,x;, > 0. Hence, inequal-
ity holds. Now, define y as

yi:{xi if ieV(i0)7 i e N (19)

k

0 otherwise
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In light of , y is a nonzero vector in R’". To complete the proof, it suffices
to show that y” M (pg, Pg) > 0. Similar to the indexing procedure used for the
columns of the matrix M (pg, Pa), we index the entries of the | £ | dimensional
vector yI M (pg, Pa) according to the edges of G . Now, given an arbitrary edge
(o, B) € &, the following statements hold true:

— If a, 8 € V(ig), then the (a, 3)*™ entries of yZ M (pg, Pa) and xT M (P4, Pa)
(i.e., the entries corresponding to the edge (o, 8)) are identical.

— If a € V(i) and B & V(ig), then the (o, B)'" entry of y7 M (pg, Pa) is equal
to Yqu-

— If a € V(ip) and B & V(ip), then the (o, B)" entry of yT M (pg4, Pa) is equal
to zero.

Note that the case o & V(ip) and 8 € V(ip) cannot happen, because if § €
V(ip) and (a, ) € ?, then o € V(ig) by the definition of V(ig). It follows from

the above results and the inequality x? M (pg, pq) > 0 that y© M (pg, Pa) >
0. |

Definition 7 Consider the graph G and an arbitrary flow vector p.. Given a
subgraph Gs of the graph G, define p.(Gs) as the flow vector associated with the
edges of Gs that has been induced by p.. Define pq(Gs), pn(Gs) and p;(Gs) as
the semi-flow vector, injection vector and injection at node i € Gy correspond-
ing to pe(Gs), respectively. Define also P(Gs) as the injection region associated
with Gs.

The next lemma studies the injection region P in the case where f;;(-)’s
are all piecewise linear.

Lemma 3 Assume that the function f;;(-) is piecewise linear for every (i, j) €
?, Consider two arbitrary points Pp, Pn € P and a vector Ap,, € R™ satisfy-
ing the relations

Pn < Pn — APy < Pn (20)

X

There exists a strictly positive number €™** with the property

Pn— AP, €P, Ve € [0, (21)

Proof: In light of (20), we have Ap,, > 0. If Ap,, = 0, then the lemma
becomes trivial as € can take any arbitrary value. So, assume that Ap,, # 0.
Let p. and p. denote two flow vectors associated with the injection vectors p,
and p,, respectively. Denote the corresponding semi-flow vectors as pg and

pa. Given an edge (7,7) € ?, the curve
{(Pij, fij(piz)) | pij € [p?}in,p?}ax}} (22)

is a Pareto set in R? due to fi;(-) being monotonically decreasing. Since
(Pij, Pji) and (Pi;, pjs) both lie on the above curve, one of the following cases
occurs:

— Case 1: ﬁij > ﬁij and ﬁjz’ < ﬁﬂ
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— Case 2: p;; < p;; and Dj; > Dys.

(this fact can be observed in Figure c) for the points (s, p;:) and (Dij, Dji)
instead of (pi;,p;:) and (Pij,Dj:)). With no loss of generality, assume that
Case 1 occurs. Indeed, if Case 2 happens, it suffices to make two changes:

— Change the orientation of the edge (i, ) in the graph 3 so that (j,1) € ?
instead of (z,j) € z.

— Replace the constraint p;; = fi;(pi;) in with p;; = figl(pji), where
the existence, monotonicity and convexity of the inverse function fzgl() is
guaranteed by the convexity and decreasing property of f;;(-).

Therefore, suppose that
Dij = Dij, Pji < Dji, V(i,j) € z (23)
or
Pd > Pd (24)

First, consider the case pg > pq. In light of Lemmal[T} the assumption p,, < p,,
can be expressed as

M (Pd,Pa) X (Pa — Pd) =Pn —Pn <0 (25)

In order to guarantee the relation p,, — eAp,, € P, it suffices to seek a vector
Apy € R|?\ satisfying the equations

Pa — APy € By (26)
and
M(Pa, Pd — €APa) X (Pa—(Pa — €4Pa)) = Pn — (Pn — £APn) (27)
(see the proof of Lemma [l)), or equivalently

Pd — eApy € By (283,)
M (Pa, Pa — €APa) X Apa = Apy, (28b)

Consider an arbitrary vector Apy € R\?| with all negative entries. In light
of Definition [6 the inequality pg > pa and the piecewise linear property of
fij(+)’s, there exists a positive number ¢™** such that

Pd — cApy € By (29a)
M (P4, pa — €Apa) = M (P4, Pa) (29b)

for every € € [0,e™?¥]. To prove the lemma, it follows from and that
it is enough to show the existence of a negative vector Ap, satisfying the
relation

M(Pa; Pa) X Apa = Apn (30)
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in which € does not appear. Notice that since (30]) is independent of ¢, it can be
chosen sufficiently small so that is satisfied automatically. To prove this
by contradiction, assume that the above equation does not have a solution.
By Farkas’ Lemma, there exists a vector x € R™ such that

xTM(pa,pa) >0,  xTAp, >0 (31)

Since Ap,, is nonnegative, the inequality x” Ap,, > 0 does not hold unless x
has at least one strictly positive entry. Now, it follows from x M (pg, pg) > 0
and Lemma |2 that there exists a nonzero vector y € R™ such that

y'M(pg,pa) >0, y=>0 (32)

On the other hand, given an edge (i,j) € ?, since p;; > Pi; (due to ), the
slope of the line connecting the points (p;;,5;:) and (Ps5,P;;) is more than or
equal to f;(pi;) (this is implied by the fact that fi;(-) is convex). This yields
that

M (P4, Pa) < M(Pa,Pa) (33)
Now, it follows from , , and that
0> y"M(Pa,Pa) X (Pa — Pa) =y M (Pa, Pa)  (Pa — Pa) > 0 (34)
Thus,
0=y " M(Pg,Pa) X (Pa—DPa) =y" (Pn — Pn) (35)

This is a contradiction because p,, — p,, is strictly negative and the nonzero
vector y is positive.

So far, the lemma has been proven in the case when py > pg. To extend
the proof to the case pg > pa, define &, as the set of every edge (i, j) € € such
that

Dij 7 Dij (36)
(note that p;; = p;; if and only if p;; = p;;). Define also G, as the unique
subgraph of G induced by the edge set &.. Let A, denote the vertex set of G,,
which may be different from N. It is easy to verify that

pa(G:) > pa(Gr), (37a)
Pn(Gr) < Pn(G:) — APn(Gr) < Pu(Gr) (37b)
Pi — Pi = Pi(Gr) — Di(Gr), Vi € N, (37c)
Based on ([37¢|), the relationship between Ap,, and the new vector Ap,,(G,) is
as follows: @) N
_ Aﬁl gr lf 7 S T .
Api = { 0 otherwise ’ vieN (38)

In light of (37a) and (37D)), one can adopt the proof given earlier for the case
P4 > Dy to conclude the existence of a positive number €™®* with the property

Pn(Gr) —eApn(Gr) € P(Gr), Ve € [0, €] (39)
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Given an arbitrary number € € [0, €™?*], we use the shorthand notation p,,(G;)
and p,, for p,(G;) — eApn(G:) and p,, — eAp,, respectively. Let p.(G;) and
p. denote a flow vector corresponding to the injection vectors p,(G,) and p,,
respectively. One can expand the vector p.(G;) into p. for the graph G as
follows:

— For every (i,j) € &, the (i, ) entries of p. and p.(G,) (the ones corre-
sponding to the edge (i, 7)) are identical.

— For every (i,j) € E\&, the (i,7)™ entry of pe is equal to p;; (or pij).

It is straightforward to observe that p,, is associated with the designed vector
pPe and, therefore, the feasibility of p. implies that p, belongs to P. This
completes the proof. |

The next lemma uses Lemma [3] to prove Theorem [I] in the case where
fij(-)’s are all piecewise linear.

Lemma 4 Assume that the function f;;(-) is piecewise linear for every (i,j) €

?. Given any two arbitrary points Py, Pn € P, the box B(Pn,Drn) is a subset
of the injection region P.

Proof: With no loss of generality, assume that p,, < p, (because otherwise
B(DPn, Prn) is empty). To prove the lemma by contradiction, suppose that there
exists a point p,, € B(Pn,Pn) such that p,, € P. Consider the set

{ ‘ Y€ [0.1) Bu 2P~ B € P (10)

Note that p,, < pn < Pn, and that describes the set of all v’s for which
Pn + Y(Pn — Pn) belongs to the segment between p, and p,. Denote the
maximum of all those v as v™®*. The existence of this number is guaranteed
because of two reasons: (1) when v is equal to 0, the point p,, + v(prn — Dn) 18
equal to p,, and belongs to P, (2) P is closed and compact. Furthermore, notice
that p, + v(pn — Pn) is equal to p, at v = 1. Since p,, € P by assumption,
we have y™#* < 1. Denote p,, + v™**(p, — Pn) as p,. Hence, p,, € P and
Pr < pn < Py (recall that y™2* < 1). Define Ap,, as P, — pn. One can write:

f)n S f)n - Af)n S f)m f)naf)n € P (41)

By Lemma [3] there exists a strictly positive number ¢™?* with the property

pn —eAp, € P, Ve € [0, €M™ (42)
or equivalently
P+ (7" +e(1 =7"))(Pn —Pn) € P, Ve € [0, (43)
Notice that
AP 4 g(1 — AME) > 4T Ve >0 (44)

Due to (43)), this violates the assumption that v™#* is the maximum of the set
given in (40)) [ |
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Lemma [4] will be deployed next to prove Theorem [I] in the general case.

Proof of Theorem : Consider an arbitrary approximation of f;;(-) by a
piecewise linear function for every (i,7) € &. As a counterpart of P, let P;
denote the injection region in the piecewise-linear case. By Lemma {4l we have

B(ﬁ7l7 f)n) g 7DS (45)

Since the piecewise linear approximation can be made in such a way that the
sets P and P, become arbitrarily close to each other, the above relation implies
that the interior of B(pP,, Pr) is a subset of P. On the other hand, P is a closed
set. Hence, the box B(p,,, pn) must entirely belong to P. [ |

3.3 Relationship Between GNF and CGNF

Using Theorem [1| developed in the preceding subsection, we study the rela-
tionship between GNF and CGNF below.

Definition 8 Consider an arbitrary set S € R™ together with a point x € S.
The point x is called “Pareto” if there does not exist another point'y € S that
is less than or equal to x entry-wise. x € S is called an “interior point” if S
contains a ball around this point. x € S is called a “boundary point” if it is
not an interior point.

To proceed with the paper, the following mild assumption is required.
Assumption 1 There exists a feasible point (pn,pe) for the CGNF problem
such that p;; > pZ”” for every (i,7) € & and p; < p™*® for everyi € N.

Theorem 2 Assume that the GNF problem is feasible. Let (p}, pk) and (P}, DY)
denote arbitrary globally optimal solutions of GNF and CGNF, respectively.
The following relations hold:

1) p;, =P,
2) (pL,p:) is a solution of GNF, provided that p?, is a Pareto point in P.

In what follows, we first prove Part 2 of Theorem [2] and illustrate it in some
examples before proving Part 1.

Proof of Part 2 of Theorem [J: Define a new flow vector p. as
ﬁij = ﬁ:jv V(’L,]) € ? (463’)
Dji = fij(3;), V(i j) € é (46b)
Let p,, denote the injection vector corresponding to pe. Since pj; = fi;(p};)

for every (i,7) € ?, it can be concluded that p,, < pX = p (the last equality
follows from Part 1 of the theorem). Since p}, is assumed to be a Pareto point
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N 1 1
P43 pg4) ; : pél) sz)

Fig. 6: (a) Injection region of the subgraph G; in Example 2; (b): injection
region of the subgraph G, in Example 2.

in P, we must have p,, = p}, and therefore p. = p3. This implies that (p}, p})
is a feasible point for GNF and yet a global solution for CGNF. As a result,
(P}, P:) is a solution of GNF. |

Theorem [2] states that CGNF finds the optimal injections but not neces-
sarily optimal flows for GNF. Note that Part 1 of the theorem implies that
the globally optimal injection vector is unique. Two examples will be provided
below to elaborate on Part 2 of Theorem 2

Example 1: Consider the illustrative example explained in Section [3.1] It
can be observed in Figure b) that every point on the lower curvy boundary
of the feasible set is a Pareto point. Therefore, if the box B defined by the
lower and upper bound constraints on p; and p- intersects with any part of
the lower boundary of the green area, CGNF always finds optimal flow vectors
for GNF, leading to the equivalence of GNF and CGNF. |

Example 2: As stated before, a Pareto point lies on the boundary of
the injection region. A question arises as to whether the condition “Pareto
point” can be replaced by “boundary point” in Theorem [2| We will provide
an example here to show that the optimal injection being a boundary point
does not necessarily guarantee the equivalence of GNF and CGNF. To this
end, consider the 4-node graph G depicted in Figure |} This graph can be
decomposed into two subgraphs G; and G, where each subgraph has the same
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topology as the 2-node graph studied in Example 1. Assume that the flow
over the line (2,3) is restricted to zero, by imposing the constraints phy" =
poax = pmin — pmax — (). This implies that (2,3) is redundant, whose removal
splits the graph G into two disjoint subgraphs G; and Gs. Let (pf, pf) be an
arbitrary solution of GNF. The vector p} can be broken down into two parts
as

P, = [Ph(G)" PL(G2)T]" (47)
where p? (G;) and p’ (G2) denote the optimal values of the sub-vectors [p; pa]
and [ps p4]T, respectively. Note that P(G;) and P(Gz) could both resemble

the green area in Figure (b) We make two assumptions here:

— Assumption 1: As demonstrated in Figure @(a), the box constraints on p;
and po are such that p}(G;) becomes a Pareto point located on the lower
boundary of P(G1). In this case, it is guaranteed from Theorem [2] that if
CGNF is solved just over Gy, it finds feasible flows for this subgraph.

— Assumption 2: As demonstrated in Figure |§|(b)7 the box constraints on ps
and py are such that p’(G2) becomes an interior point of P(Gsy), corre-
sponding to the lower left corner of the box. In this case, assume that if
CGNF is solved just over Go, it may not always find feasible flows for this
subgraph (we will show it later in the paper).

Since (2,3) is not allowed to carry any flow, it is easy to show that CGNF
solved over G finds feasible flows for the lines between nodes 1 and 2, but may
result in wrong flows for the lines between nodes 3 and 4. Hence, CGNF and
GNF are not equivalent. On the other hand, it is straightforward to inspect
that P is the product of two regions as

P =P(G1) x P(G2) (48)

Now, since p%(G1) is on the boundary of P(G;) but pl(Gs) is in the interior
of P(Gz), it can be deduced that

— p; is on the boundary of the injection region P.
— p;, is not a Pareto point of the injection region P.

In summary, although p} is a boundary point for G, CGNF is not equivalent
to GNF. This is due to the connection of a well-behaved subgraph G; to a
problematic subgraph G5 via a redundant link with no flow. It will be shown
in Corollary [2| that whenever p;, is on the boundary of its injection region,
there exists a non-empty subgraph of G for which the correct (feasible and
optimal) flows can be found via CGNF. u
Before presenting the proof of Part 1 of Theorem [2|in the general case, one
special case will be studied for which the proof is less involved. Observe that

since (P, p;) is a feasible point of CGNF, one can write
pr>pit Ve N (49)

The proof of Part 1 of Theorem [2] will be first derived in the special case
pr=p"",  VieN (50)
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Proof of Part 1 of Theorem@ under Condition @ (ps, pl) being a fea-
sible point of GNF implies that

pr>pit, Vie N (51)
Equations and lead to
P, <p; (52)

Define the vector p,, as

pi = Z Pt Z fii (Pi;), Vie N (53)
(i,j)e? (j,i)e?

Notice that p, belongs to P, although it may not belong to B. It can be
inferred from the definition of CGNF that

Pn <P, (54)

Since pn, p;, € P, it follows from Theorem and that p; € P. On
the other hand, p;, € B. Therefore, p;, € PN B, implying that p; is a feasible
point of Geometric GNF. Since the feasible set of Geometric CGNF includes
that of Geometric GNF, p;; must be a solution of Geometric GNF as well.
The proof follows from equation and the fact that p} is another solution
of Geometric GNF (recall that the objective function of this optimization
problem is strictly increasing). |

Before proving Part 1 of Theorem [2]in the general case, some ideas need
to be developed. Since f;(p;) can be approximated by a differentiable function
arbitrarily precisely, with no loss of generality, assume that f;(p;) is differen-
tiable for every ¢ € N. Since CGNF is convex, one can take its Lagrangian
dual.

Lemma 5 Strong duality holds for the CGNF problem.

Proof: To prove the lemma, it suffices to show that Slater’s condition is sat-
isfied or, alternatively, there exists a feasible solution for the CGNF problem
satisfying with strict inequality. To this end, consider the feasible solution
(Pn, Pe) introduced in Assumption [1} It is easy to verify that there exists a
strictly positive number € such that (p,,p.) is feasible for the CGNF with
strict inequality in , where p;; = p;; and p;; = p;; + € for every (i,5) € ?
and p,, is associated with p.. |

Let A" and AM2% denote optimal Lagrange multipliers corresponding to
the constraints p" < p; and p; < p@*. Assume that (p},p?) is an optimal
solution of the GNF problem. Using the duality theorem, it can be shown that
changing the objective function to

> fil) = AP (pi = p) A+ AP (py — pi) (55)
1EN
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would not affect the optimal solution [15]. Furthermore, it follows from the
first-order optimality conditions that

(pr,Py) = argmin Z AiDi (56a)
anRm;peeBe iGN
subject to p; = Z Pijs Vie N (56Db)
JEN(3)
fij(pis) < pjis V(i,j) € g (56¢)
pij € ™ ™), V(ij) €E (56d)
where
i = fl(pr) — AR 4o \max Vie N (57)
Hence,
(Pi;,Pj;) = argmin  Nipi; + Ajpji (58a)
(pij,pji) ER?
subject to  fi;(pi;) < pjs, (58b)
Dij € Lp?]l'invp?}ax]v (58C)
pji c [p;};m,pﬁax] (58(1)

for every (i,j) € z.

Definition 9 Define V as the set of all indices i € N for which A\; < 0. Define
V as the set of all indices i € N\V for which there exists a vertex j € V such
that (i,7) € G (i.e., V denotes the set of the neighbors of V in the graph G ).

Since the objective function of the optimization problem is linear, it
is straightforward to verify that f;;(pj;) = pj; as long as A; > 0 or A; > 0. In
particular,

Py = P V(i,j)€E i€V, jEV (59b)

If fi;(p};) were equal to pj; for every (i,j) € ?, then the proof of Part 1 of
Theorem [2| was complete. However, the relation f;; (ﬁfj) < pj; might hold in

theory if (4,7) € ? and {i,j} C V. Hence, is important to study this scenario.

Proof of Part 1 of Theorem |2 in the general case: For every given index
i € V, the term )\; is nonpositive by definition. On the other hand, f/() is
strictly positive (since f;(+) is monotonically increasing), and A" and APax
are both nonnegative (since they are the Lagrange multipliers for inequality
constraints). Therefore, it follows from that AM™® > (0, implying that

pr=pn VYiey (60)



Convexification of Generalized Network Flow Problem 23

Thus,

pi =Pt =p;, Vi€V (61)
Let G, denote a subgraph of G with the vertex set ¥V UV that includes those
edges (i, ) € & satisfying either of the following conditions:

- {17.7} cv 3
—4€Vandje.
Note that G, includes all edges of G within the vertex subset VV and those

between the sets V and V, but this subgraph contains no edge between the
vertices in V. The first objective is to show that

pi(Gs) 2 0;(Gs),  VieEVUY (62)
To this end, two possibilities will be investigated:

— Case 1) Consider a vertex i € V. Given each edge (4,7) € &, vertex j must
belong to V UV, due to Definition |9} Hence, p}(Gs) = p; and p}(Gs) = p;.
Combining these equalities with (61)) gives rise to p(Gs) > pr(Gs)-

— Case 2) Consider a vertex i € V. Based on , One can write:

BiG)= Y By= Y, " (63)

JEVNN(7) FJEVNN(7)

Similarly,
piG) = >, > >, " (64)
JEVNN (i) FJEVNN(3)
Thus, p}(Gs) > pr(Gs)-
So far, inequality (62| . has been proven. Consider p,, introduced in . Similar

0 , it is straightforward to show that p;(Gs) < pf(Gs) for every i € VUV.
Hence,

Pn(9s) < P(9s) <py(9s) (65)
On the other hand, p,,(G;) and p¥(Gs) are both in P(Gy). Using (65 and The-
orem [I] (but for G, as opposed to G), it can be concluded that p (gs) € P(Gs).
Hence, there exists a flow vector p.(Gs) associated with pZ (Gs ) meaning that

PG = > pyG),  VieV (66a)
FEN(H)N(VUY)

piG) = > 5iu(G), VieV (66b)
JEN (i)NV

5ii(Gs) = Fii(ii(Gs)), V(i.j) € G (66¢)

Now, one can expand pe(Gs) to Pe as
~ pj k(gs) if (.75 k) € gs .
Pik = { jp]k otherwise ) V(], k) €& (67)

Let p, denote the injection vector associated with the flow vector p.. Two
observations can be made:
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Fig. 7: Figures (a) and (b) show the feasible sets Y and 7% for Example 3,
respectively. Figure (c) is aimed to show that CGNF may have an infinite
number of solutions (all points in the yellow area may be the solutions of
GNF).

1) P, is equal to pf.
2) Due to (p9al), (66c) and @, (Dn, De) is a feasible point of GNF.

This means that p;, is the unique optimal solution of Geometric CGNF and
yet a feasible point of Geometric GNF. The rest of the proof is the same as
the proof of Theorem [2| under Condition (given earlier). u
Next example is provided to understand the reason why CGNF may fail
to obtain a correct flow vector associated with the optimal injection vector.
Example 3: Consider again the illustrative example studied in Section[3.1]
corresponding to the graph G depicted in Figure [I} Let 7 denote the projec-

tion of the feasible set of the GNF problem given in over the flow space

associated with the vector (pgz)7 péll), pg), pgl)) It is easy to verify that 7 can

be decomposed as the product of 7)) and 7, where
TW = {(pglz),péll)) ‘ Py €1-05,05], piy = (p%) - 1)2 - 1}
and
T® = {(p( ) p5Y) ‘ iy e [-1,1], pY = (pf? - 1)2 - 1}

Likewise, define 7. as the projection of the feasible set of the CGNF problem
over its flow space. As before, 7. can be written as 72(1) X 72(2), where 72(1) is
obtained from 7 by changing its equality

) 2
pi = (pld —1) -1 (68)
to the inequality
(i) > (1) -1 2 -1 69
Pa1 Z (P12 (69)

for ¢ = 1,2, and adding the limits p(l) <1 52 -1 and p( ) < 22 — 1. The sets
7 and 72 are drawn in Figures . Given ¢ € {1, 2}, note that
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79 has two flat boundaries and one curvy (lower) boundary that is the same
as T(). Consider the flow vector (p\3, 5%, 5ty oy ) € To defined as

(P1.55) = (05,05 - 1)* = 1),

70
(pg),pfl)) = (=0.5,(-0.5—1)* — 1) (70)

Define py = p(112) +13§22) and py = pgl) ﬂﬁgé)(. It can be verified that for every point

(ﬁ(12), ﬁél)) in the green area of Figure [7|c), there exists a vector (p§2),pg§))

’TC(2 such that

=P 52, P2=poy + o) (71)

This means that if (]31,pz,pgz),pgl)’pg),pgl)) turns out to be an optimal so-

lution of CGNF, then (p1, po, p§2)7 ]9211)7 ]5?2), ;ﬁél)) becomes another solution of
CGNF. As a result, although Geometric CGNF has a unique solution (opti-
mal injection vector), CGNF may have an infinite number of solutions whose
corresponding flow vectors do not necessarily satisfy the constraints of GNF. Bl

So far, we have shown that CGNF always finds the optimal injection vector
and optimal objective value for the GNF problem. In addition, it finds the
optimal flow vector if the injection vector is a Pareto point. Now, we consider
the case where the optimal injection vector is not necessarily Pareto but lies
on the boundary of the injection region. The objective is to prove that the
network G can be decomposed into two subgraphs G; and Gy such that: (i)
the flows obtained from CGNF are optimal (feasible) for GNF for those lines
inside G; or between G; and Gs, (ii) the flows over the lines between G; and
G all hit their limits at optimality.

Definition 10 Define G; and Go as the subgraphs of G induced by the vertex
subsets N\V and V, respectively.

Theorem 3 Assume that f;(-) is strictly convex for everyi € N. Let (p}, p})
and (p}, p}) denote arbitrary globally optimal solutions of the GNF and CGNF
problems, respectively. The following relations hold:

Pij = Dij» (i, j) € N\V (72a)
Ph =D =P, V(i) € M\VxV)NE (72b)

Proof: Since every solution of GNF is a solution of CGNF as well (due
to Theorem , the points (p}, p}) and (p}, p);) are both solutions of CGNF.
Now, it follows from the duality theorem that (p}, p}) and (p},p};) are both
minimizers of and (58). Since the objective of is linear and f;(-) is
strictly convex, it can be concluded that:

— The optimization problem has a unique solution as long as A} > 0 or
A7 > 0.
— (pij,pji) becomes equal to (p?;‘n,p;‘;ax) at optimality if A} > 0 and A} <0.
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— (pij, pji) becomes equal to (p*, ;-I;-in) at optimality if A} > 0 and A} <0.

Equations (|72a)) and (72b]) follow immediately from the above properties. B

* 3

Corollary 2 Let (p},p}) and (pl,p}) denote arbitrary globally optimal so-
lutions of the GNF and CGNF problems, respectively. If there exists a vertex
i € N such that p; > p™i, then p}; and p’, must be identical in at least one
entry.

Proof: Consider a vertex i € N such that p; > pi. It follows from
that A} is positive. Now, Deﬁnitionyields that the subgraph G; is nonempty.
The proof is an immediate consequence of Theorem [3 |

Definition 11 Consider a solution (p},p};) of GNF. A line (i,j) € € of the

network G is called “congested” if p;; 1s equal to pii™* or p3; is equal to pP**.

)

Corollary 3 Let (p};, p};) and (p},p};) denote arbitrary globally optimal solu-
tions of the GNF and CGNF problems, respectively. Assume that there exists
a vertex i € N such that pi > p™. If the network G has no congested line,
then GNF and CGNF are equivalent, i.e., (p},p}) = (P, D))

Proof: Due to the proof of Corollary [2| the set A\V is nonempty. On the
other hand, since the network G has no congested line by assumption, it can
be concluded from Theorem [3] that (M\V x V) N & is an empty set. Therefore,
VY must be empty, which implies the equivalence of GNF and CGNF due to
Theorem [3 [ ]

3.4 Characterization of Optimal Flow Vectors

In this section, we aim to characterize the set of all optimal flow vectors for
GNF, based on the optimal injection vector found using CGNF. In particu-
lar, we will show that this set could be nonconvex and disconnected. Before
presenting the results, it is helpful to illustrate the key ideas in an example.

Example 4: Consider the graph G depicted in Figure a), which consists of
two cycles and four nodes. Let (p}, p}) denote an arbitrary solution of GNF,
where p; is obtained from CGNF and p} is to be found. The objective of
this example is to demonstrate that all optimal flows in the network can be
uniquely characterized in terms of two flows. Consider the unknown flows pj,
and pis. One can write

P3g = D5 — f12(P12) (73a)
P34 = p3 — f13(P13) (73b)
Pia =PI — P2 — P13 (73c)

It follows from the above equations that all flows in the network can be cast
as functions of (piy,pis), and in addition (pi2,p13) = (pis,pi3) is a solution
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Pi2,D13)

\
F(pi2, 113,01, 03,P3)

P13

(b)

Fig. 8: (a) The 2-cycle graph studied in Example 5; (b): visualization of the
level-set problem used to find optimal flows for Example 5.

to the level-set problem F'(p12,p13,D5, 05, p5) = p}i, where

F(p12,p13,p1,02,p3) = f2a (P2 — f12(p12))
+ f31 (p3 — f13(p13)) (74)
+ f1a (p1 — p12 — p13)
is a convex function with respect to (pi12,p13) but not necessarily monotonic.

On the other hand, the equations in can be used to translate the box
constraints on all flows to certain constraints only on pj, and pjs:

Pia” < pip < Pin (75a)
P < piy < PRy (75b)
Py < pl—pla — Pz <P (75¢)

for some numbers pELR, HAX pn 5max et Oy and Cy denote the sets of all
points (pi,, pis) satisfying the level-set problem F'(pi,, pis, 0T, 03, 0%) = p} and
the reformulated flow constraints , respectively. The set of all optimal flow
solutions (piy, pis) can be expressed as C; N Ca, where C; is the boundary of
a convex set (corresponding to F(-)) and Cq is a polytope. As illustrated in
Figure b), C; is the boundary of a convex set, and therefore its intersection
with a polytope (e.g., a box) could form up to 4 disconnected components.
In summary, the optimal flow vectors for GNF may constitute a nonconvex
infinite set, consisting of as high as 4 disconnected components. ]
By following the argument used in Example 5, it is straightforward to show
that if the graph G is a tree, the optimal flow vector is unique and can be easily
obtained from the optimal injection vector p;,. Hence, the main challenge is
to deal with mesh flow networks. To this end, consider an arbitrary spanning
tree of the m-node graph G, denoted as G;. Let pg; denote a sub-vector of the
semi-flow vector pg associated with those edges of G that do not exist in G;.
Recall that a was obtained through an arbitrary orientation of the edges of
the graph G. With no loss of generality, one can consider G; as a rooted tree
with node m as its root, where all arcs of 6 are directed toward the root.
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Lemma 6 There exist convex functions Fj; : RIEI 5 R for all (i,7) € ? such
that the following statements hold:

1) Given every arbitrary feasible solution (pn,pe) of the GNF problem, the
relations

Pji = Fij(Pdt, P1,D25 -, Pm—1), V(i j) € ? (76)

are satisfied.
2) The function F(pat,p1,D2;---sPm—1) defined as

Z ij(pdtaplap%"'apm*l) (77)
JEN (m)

1S conver.

Proof: The proof is in line with the technique used in Example 4. The
details are omitted for brevity. |

Definition 12 Define C1 as the set of all vectors pgr satisfying the level-set
problem F(Dat, Dy, D5y s Din_1) = Di,. Also, define Co as the set of all vectors
Pa: satisfying the inequalities

P < Fij(Pats DT D5y s Do 1) SPI, V(i) € g (78)

Theorem 4 A flow vector p} is globally optimal for GNF if and only if

Py € C1NCy (79a)
i = Fij (Dl D32 D3 oo D) Y(i,j) € € (79b)
p;j = fji(p;¢)7 Y(i, j) € ? (79c¢)

Proof: The proof is based on Lemmal6land the technique used in Example 4.
The details are omitted for brevity. |

Theorem [4] states that: (i) the set of optimal flow vectors can be char-
acterized in terms of the unique optimal injection vector as well as the flow
sub-vector pg, (ii) the set of optimal flow sub-vectors p%, is the collection of
all points in the intersection of C; and Cy. Moreover, in light of Lemma [6] Cy
is the boundary of a convex set. Although Co was shown to be a polytope in
Examples 4 and 5, it is non-convex in general. Since C; is the boundary of a
convex set, it occurs that the intersection of Co with C; may lead to as high
as 2/€I=WI+1 disconnected components, all lying on the boundary of a convex
set (note that || — |[N]+ 1 is the size of the vector pg:).



Convexification of Generalized Network Flow Problem 29

3.5 Extended GNF Problem

In this subsection, we generalize the results developed for the GNF problem
to the case where there are global convex constraints coupling the flows and/or
injections of different parts of the network, in addition to the local constraints
over individual lines and at separate nodes.

Definition 13 Consider a set of convex constraints g;(pn,Pe) < 0 for i =
1,2, ..., k, which are called coupling constraints. The extended GNF problem
is defined as subject to this set of coupling constraints. Denote P¢ as the
set of all vectors p,, for which there exists a vector p. such that (pn,Pe) 1S
feasible for the extended GNF problem. The above set of coupling constraints
is referred to as box-preserving if its addition to the GNF problem preserves
the box property of the injection region, meaning that the bor B(pn,DPn) s
contained in P¢ for every two points p, and p, in PC.

Theorem 5 Consider the extended GNF problem with the coupling constraints
9i(Pn,Pe) < 0 for every i € {1,2,...,k}. This set of constraints is guaranteed
to be box-preserving if either of the following conditions is satisfied:

1) G is a tree and the function g;(Pn,Pe) 18 non-decreasing with respect to all
entries of py, and pe, for every i € {1,2,...,k}.

2) The function g;(pn,Pe) does not depend on p. and is non-decreasing with
respect to all entries of py, for every i € {1,2,...,k}.

Proof: The box-preserving property under Condition 2 follows from the fact
that whenever the coupling constraints are non-decreasing functions of the
injection vector, if p,, satisfies the constraints, any other injection vector p,,
with the property p,, < p, also satisfies the constraints.

To prove the box-preserving property under Condition 1, it suffices to show
that if G is a tree, every flow p;; can be written as a non-decreasing function
of p,, (then the proof follows from Condition 2 of the theorem). Consider G as
a rooted tree with an arbitrary node at the root. Recall that G was obtained
through an arbitrary orientation of the edges of G. Without loss of generality,
assume that the directions of all edges are toward the root. Define h as the
depth of G (maximum distance of every leaf from the root). Assume that a
node with the distance ¢ from the root is identified by i;. First, we use induction
to show that the flows going toward the root can be written as non-decreasing
functions of the injection vector. We start with the farthest nodes from the
root. For each node 4, one can write p;,;, _, = pi,, which is non-decreasing in
terms of the injection vector. Now, for every flow p;,;, , with 0 <t < h —1,

one can write
Diyiy 1 = Piy — Z fjt+1,if, (pjt+1it) (80)
(Je+1,9¢)EE
By the induction hypothesis, p;,,,;, can be written as a non-decreasing func-
tion of the injection vector. Therefore, implies that the same statement
holds for DPiyiy_1-
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Now, we use another inductive argument to show that each flow going
toward the leaves can be written as a non-decreasing function of the injection
vector. We start from the root node. For every flow p;,i,, one can write

Pigiy = Pip — Z fjl,io (pjlio) (81)
(J1,90)EE
Ji1#i
which implies that p;,;, is a non-decreasing function of the injection vector
(note that this property holds for pj,;,). For every flow p;, ,;, with 2 <t < h,
one can verify that

Piy_viy = Piz_1 — i:,llit,z (pit—27;t—1) - E fjtvitfl(pjtitfl) (82)
(41,90)€E
Je#ie

The proof is completed by observing that

-1 . . .
— fi,_.i,_,(+) is a decreasing function.

— Di,_»i, , 18 a non-decreasing function of the injection vector due to the
induction hypothesis.

~ Dj.i,_, is anon-decreasing function of the injection vector since its direction
is toward the root. u

In the rest of this subsection, we assume that the set of coupling constraints
in the extended GNF problem is box-preserving.

Corollary 4 Consider two arbitrary points p, and p, belonging to the boz-
constrained injection region P¢NB. The box B(Pn,Pn) s contained in PN B.

Proof: The proof follows immediately from the definition of P¢ and Defi-
nition [ |
Define the extended CGNF problem as CGNF subject to the additional
constraints g;(pn,Pe) < 0 for ¢ = 1,2, ..., k. Note that this problem is convex.

Theorem 6 Assume that the extended GNF problem is feasible. Let (pl, pX)
and (P}, D%) denote arbitrary globally optimal solutions of the extended GNF
and extended CGNF problems, respectively. The following relations hold:

1) p}, =P,
2) (L, P:) is a solution of the extended GNF problem, provided that p}, is a
Pareto point in P°€. |

Proof: The argument made in the proof of Theorem [2] can be adopted to
prove this theorem. The details are omitted for brevity. |

3.6 Optimal Power Flow in Electrical Power Networks

In this subsection, the results derived earlier for the GNF and extended GNF
problems will be applied to power networks. Consider a group of generators
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Generator giz2-bi2i Load
Generator G34-b34i Load

Fig. 9: An example of electrical power network.

Py Py
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Fig. 10: (a) Feasible set for (pjx, pkj); (b) feasible set for (p;x,pk;) after im-
posing lower and upper bounds on 6;y.

(sources of energy), which are connected to a group of electrical loads (con-
sumers) via an electrical power network (grid). This network comprises a set
of lines connecting various nodes to each other (e.g., a generator to a load).
Figure [0] exemplifies a four-node power network with two generators and two
loads. Each load requests certain amount of energy, and the question of inter-
est is to find the most economical power dispatch by the generators such that
the demand and network constraints are satisfied. To formulate the problem,
let G denote the flow network corresponding to the electrical power network,
where

— The injection p; at node j € N represents either the active power produced
by a generator and injected to the network or the active power absorbed
from the network by an electrical load.

— The flow p;;, over each line (j, k) € £ represents the active power entering
the line (4, k) from its j endpoint.

The problem of optimizing the flows in a power network is called “optimal
power flow (OPF)”.

Let v; denote the complex (phasor) voltage at node i € A/ of the power
network. Denote the phase of v; as ;. Given an edge (j, k) € G, we denote the
admittance of the line between nodes j and £ as g;x — ibjx, where the symbol
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i denotes the imaginary unit. g;; and bj;, are nonnegative numbers due to the
passivity of the line. There are two active flows entering the line (j, k) from
its both ends. These flows are given by the equations:

pik = |vj[2gik + |vj||vi|bjk sin(@;x) — |vj|lvklgsx cos(05r),
Prj = vkl* gk — |vjl|vklbjr sin(x) — [v;||vklg;n cos(6;r)

where 0, = 0; — 0. First, consider the distribution system where the under-
lying network is a tree. For now, assume that |v;| and |vg| are fixed at their
nominal values, while 8;;, is a variable to be designed. If 8, varies from — to
7, then the feasible set of (pjx, pr;) becomes an ellipse, as illustrated in Fig-
ure a). It can be observed that py; cannot be written as a function of pj.
This observation is based on the implicit assumption that there is no limit on
6. Suppose that 6, must belong to an interval [— s ﬁa"] for some angle
02>, If the new feasible set for (pjx, px;) resembles the partial ellipse drawn
in Figure ), then pg; can be expressed as fjr(pjx) for a monotonically
decreasing and convex function fjx(-). This occurs if

b,

fmax < tan ™! (”) (83)
9ijk

It is interesting to note that the right side of the above inequality is equal to

45.0°, 63.4° and 78.6° for % equal to 1, 2 and 5, respectively. Note that Z’%:

is normally greater than 5 (due to the specifications of the lines) and 05
is normally less than 15° and very rarely as high as 30° due to stability and
thermal limits (this angle constraint is forced either directly or through p;nkin
and Py in practice). Hence, Condition is practical. Furthermore, each
line of the power system can tolerate a certain amount of current in magnitude.
One can verify that the magnitude of the current on the line (4, k), denoted

by i;1, satisfies the equation
lijkl* = lysul (Joj]* + k] — 2Jvjve] cos(B;x))

Therefore, an upper bound on |i,;| can be translated into a constraint on 6y,
which can be reflected in 0;.1}3". By assuming that (83)) is satisfied, there exists
a monotonically decreasing, convex function fjz(-) such that

prj = fie(Pik),  Vpjx € D5 P, (84)
where p;-“,j“ and pj™* correspond to 67" and —67™, respectively.

Given two disparate edges (j, k) and (j/, k"), the phase differences 6;; and
0;/1» may be varied independently in the distribution network. implies
that the problem of optimizing active flows reduces to GNF. In this case,
Theorems || and |2 can be used to study the corresponding approximated OPF
problem. As a result, the optimal injections for the approximated OPF can be
found via the corresponding CGNF problem. This implies two facts about the
conic relaxations studied in [19L[29-37] for solving the OPF problem:
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Fig. 11: Linear transformation of active flows to reactive flows

— The relaxations are exact without using the concept of load over-satisfaction
(i.e., relaxing the flow constraints). This is a generalization of the results
derived in the above papers (please refer to [37] for more details on this
concept).

— Given the optimal injections, the optimal flows can be uniquely derived
using the method delineated in the proof of Theorem

In addition to active power, voltage magnitudes and reactive power are nor-
mally optimized in the OPF problem. In what follows, we generalize the above
results to these cases.

3.6.1 Variable Reactive Power

In real-world power systems, different components of the network pro-
duce/consume reactive power. Since reactive power has a direct impact on the
operation of the power system, this is often controlled in the OPF problem.
To formulate the problem in this case, notice that each line has two reactive
flows entering from its both endpoints. These equations can be described as

@ik = |v51°gjk — |vj|[vklgie sin(0;) — [v;|Jvk|bjk cos(0),

. (85)
qrj = |vkl*gjk + [vjl|vklgsn sin(051) — |vj]|vk bk cos(6;x)

Each bus at the network has a limited capacity to absorb/produce reactive
power. Upon defining ¢; as the reactive power injection at node ¢ (which is
equal to the summation of outgoing reactive flows from node ), this limited
capacity can be captured by the pre-specified constraints ¢ < ¢; < g,
Therefore, reactive flows can be written as linear functions of active flows
based on the formula

|:q]'k] _ 1 |:b3k _gjzk bzk—I_gJQ'k] [pjk:| (86)
N T 9%anaga | B2+ g3 b2, — g2 )
Ak 2b]k?gjk ik T 95k Yk — 95k Dkj

.Ajk

Figure visualizes this linear transformation. Assume that G is a tree (cor-

responding to a distribution network). Using , one can write the reactive

power constraints in terms of the active flows. It can be observed that as long
ik

as the practical condition S—k > 1 is satisfied for every line (4, k), the upper
h
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bound on the reactive power injection is a box-preserving convex constraint.
This is due to the fact that each reactive power injection can be written as
a linear and non-decreasing function of active flows (in light of ) This
means that if the lower bounds on the reactive power injections are small
enough (no matter what the upper bounds are), the OPF problem is reduced
to the extended GNF problem with box-preserving coupling constraints. In
this case, Theorem [f] can be invoked to conclude that the proposed convexi-
fication technique finds the optimal active-power injection vector. Similar to
the previous case, once the optimal active-power injection vector is found, the
optimal active and reactive flows can be uniquely extracted. It is worthwhile
to mention that binding lower bounds on the reactive power injections may
potentially destroy the exactness of the extended GNF problem since these
constraints may not preserve the box property of the feasible region of the
active-power injection vector.

3.6.2 Variable Voltage Magnitudes and Reactive Power

Consider the OPF problem with variable voltage magnitudes, namely v <
|v;| < v®* for every node i in G.

Definition 14 Given an arbitrary line (j, k) € £, two numbers uj,uy € Ry,
and an angle 053 € R, define Pjy (uj, uk, 053>) as the set of all pairs (pjk, pr;)
for which there exists an angle =05 < 85, < 657 such that holds after
replacing |vj| and |vy| with uj and uy, respectively.

We make the following assumptions:

— The set Pji(u;, uk, ﬁax) forms a monotonically decreasing curve in R2,

for every line (j,k) € € and .the pair (uj, ug) Q[U?i“,v;nax] X [vfnin gmax],
— For every [uy, ..., upn] € [0, o] x ... x [UWIII’UII?\?F(]’ the OPF problem
under the additional fixed-voltage-magnitude constraints |v;| = wu;,i =

1,...,|NV] is feasible.

According to the first assumption, the upper bound on the angle difference
between the two endpoints of each line must ensure that only the Pareto front
of the ellipse describing the relationship between p;, and py; is feasible. Notice
that for every fixed set of voltages, ensures that the first assumption is
satisfied. Furthermore, the second assumption is practical since for every node
i, the limits v and v#* are normally chosen to be less than 5 — 10% away
from the nominal voltage magnitudes.

Observe that the OPF problem for distribution networks (or acyclic graphs
G) can be reduced to the GNF problem after fixing the magnitude of every
voltage at its optimal value. Since the CGNF is exact in this case, it can be
shown that there is a second-order cone programming (SOCP) relaxation of
the OPF problem with variable voltage magnitudes that is exact. This conic
relaxation can be regarded as the union of the CGNF problems with different
fixed voltage magnitudes. The details can be found in [56]. Furthermore, this
conic relaxation is exact even in presence of reactive power constraints if the

inequality Z’—’; > 1 holds for every line of the network. The main reason is that
J
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Fig. 12: The three-bus power network studied in Subsection

the problem reduces to the one studied in the preceding subsection after fixing
the voltage magnitudes at their optimal values.

3.6.3 OPF for General Networks

Given two different edges (7, k) and (5, k'), the phase differences 6,5 and 6,4
may not be varied independently if the graph G is cyclic (because the sum
of the phase differences over a cycle must be zero). This is not an issue if
the graph G is acyclic (corresponding to distribution networks) or if there is
a sufficient number of phase-shifting transformers in the network. If none of
these cases is true, then one could add virtual phase shifters to the power
network at the cost of approximating the OPF problem. The following simple
example is provided to further elaborate on the effect of this approximation.
Consider the three-bus network illustrated in Figure [12] with the node set
N ={1,2,3}, the edge set & ={(1,2),(2,3),(3,1)}, and the line admittances

(y):
Y12 = 0.275 — 0.917i, yo3 = 0.345 — 0.862i, yz1 = 0.4 — 0.8i

In this network, the loads at buses 1 and 2 are fixed at the value 100MW,
whereas the load at bus 3 is flexible and can accept any amount of power in
the range [I0OMW,20MW]. For simplicity, assume that the voltages are fixed
at their nominal values and we only consider the active powers in the system.
Furthermore, suppose that 675 = 40°, 053 = 50° and 0357** = 20°. Note

max

that the angle constraint |65 < 053 can be regarded as the flow constraints

Djk,Pkj < Pji = Dyy, where
IS = 7129, phy* =90.89, ph™ =37.21 (87)

There are two generators in the system, whose active power outputs are
denoted as Pg, and Pg,. Figure [I3] represents the projection of the feasible
set of OPF onto the space of the production vector (Pg,, Pg,) in two cases:
(i) with no phase shifter, (ii) with a virtual phase shifter in the cycle. P is
the feasible production region of (Pg,, Pg,). Define P as the projection of
the feasible set of OPF problem onto the space for (Pg,, Pg,) after removing
the angle constraint 615 + 0235 + 031 = 0. The set P is depicted in Figure @
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P
61

Fig. 13: Feasible set P (blue area) and feasible set P (blue and green areas).

which has two components: (i) the blue part P, and (ii) the green part created
by the elimination of the angle constraint. Four points have been marked on
the Pareto front of Py as a, b, ¢ and d. Notice that the Pareto front of P has
three segments:

— Segment with the endpoints b and c¢: This segment “almost” overlaps the
Pareto front of P. Indeed, there is a very little gap between this segment
and the front of P.

— Segment with the endpoints a and b: This segment extends the Pareto front
of P from the top.

— Segment with the endpoints ¢ and d: This segment extends the Pareto front
of P from the bottom.

The gap between the Pareto front of P and a subset of the Pareto front of
‘Ps with the endpoints b and ¢ can be unveiled by performing some simulations.
For instance, assume that fi(Pg,) = Pg, and f1(Pg,) = 1.2Pg,. Two OPF
problems will be solved next:

— OPF without phase shifter: The solution is (szt7 Pg‘;t) = (144.27,69.39)
corresponding to the optimal cost $227.53.

— OPF with phase shifter: The solution is (PgF", PEY') = (145.56,68.18) with
075" + 055" + 052 = 6.02° corresponding to the optimal cost $227.37.

Although the optimal value of the angle mismatch is not negligible, the optimal
production (Pg‘l’t,PgSt) has very similar values in the above cases. In other
words, the optimal injections obtained using the proposed convex problem are
very close to the globally optimal solutions of OPF. Notice that the flows
obtained from the convex problem could be completely wrong and one needs
to pursue other techniques to find a set of optimal flows based on the obtained
optimal injections.

The aforementioned case study offers a visual and intuitive explanation of
the effect of virtual phase shifters on the optimal solution of the OPF problem
and the Pareto front of the injection region. However, there is a large body of
work suggesting that the inclusion of virtual phase shifters would have a small
effect on the optimal solution of OPF in real-world systems [19}/49,[57159].
Hence, the conclusion of this part is that the OPF problem with virtual phase
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shifters can be efficiently converted to an SOCP problem (under mild assump-
tions), which leads to an approximate solution for OPF (to be later rectified in
a local-search solver) or can be strengthened via convex constraints account-
ing for omitted phase cycle effects. For example, the paper [49] proposes a
strengthened SOCP to solve the OPF problem, which exhibits a great per-
formance in many systems. The above result implies that the success of the
method developed in [49] is due in part to the fact that the SOCP relax-
ation correctly convefixies the OPF problem with virtual phase shifters, and
therefore it eliminates some of the non-convexity of the original problem.

Several works in the literature indicate that the convex relaxation of the
OPF and its related problems, such as voltage regulation [39] and the state
estimation [42], are exact in most practical instances. This paper explains the
reasoning behind the effectiveness of these methods by proposing a unified
certificate on the exactness of these methods. In particular, it shows that
these methods are successful under various conditions because the optimal
solution belongs to the Pareto front of the feasible region and the proposed
relaxations keep this Pareto front intact. One main application of this work is
in the design of efficient algorithms for optimization over distribution networks,
which is regarded as a key ingredient of future power systems, named Smart
Grids. As a future work, the convexification of the GNF problem under a
broader set of global coupling constraints (similar to the cycle effects in OPF)
will be investigated. Another future direction is to study the GNF problem
in the case where the injection and flow parameters are vectors of arbitrary
dimensions, rather than scalars. This case naturally appears in multi-phased
power systems, where the nodal injections (and line flows) are of dimension 1,
2 or 3. The machinery developed in this paper suggests that the GNF problem
for such networks could be convefixied through the notion of CGNF if certain
monotonicity and box-preserving properties are satisfied. A detailed analysis
of these types of networks is left as future work.

4 Conclusions

Network flow plays a central role in operations research, computer science and
engineering. Due to the complexity of this problem, the main focus has long
been on lossless flow networks and more recently on networks with linear loss
functions. This paper studies the generalized network flow (GNF) problem,
which aims to optimize the flows over a lossy flow network. It is assumed that
each node is associated with an injection and that the two flows at the end-
points of each line are related to each other via an arbitrary convex monotonic
function. The GNF problem is hard to solve due to the presence of nonlinear
equality flow constraints. It is shown that although GNF is highly nonconvex,
globally optimal injections can be found by means of a convexified generalized
network flow (CGNF) problem. It is also proven that CGNF obtains globally
optimal flows for GNF, as long as the optimal injection vector is a Pareto
point. In the case where CGNF returns a wrong (infeasible) flow vector for
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GNF, the network can be decomposed into two subgraphs such that: (i) the
flows found by CGNF for one of the subgraphs are all globally optimal, and
(ii) the flows obtained by CGNF for the lines between the subgraphs are all
correct and at their limits (i.e., the lines between the two subgraphs are con-
gested). The set of all globally optimal flow vectors are characterized based
on the optimal injection vector found using CGNF. This set may be infinite,
non-convex, and disconnected, while it belongs to the boundary of a convex
set. Finally, we generalize the GNF problem and its convexification to include
coupling convex constraints on the flows or the injections. An immediate ap-
plication of this work is in power systems, where the goal is to optimize the
power flows at nodes and over lines of a power grid. Recent work on the opti-
mal power flow problem has shown that this non-convex problem can be solved
via a convex relaxation after two approximations: relaxing angle constraints
(by adding virtual phase shifters) and relaxing power balance equations to
inequality flow constraints. The results on GNF prove that the second approx-
imation (on power balance equations) is redundant under a practical angle
assumption.
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