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Abstract. We consider classes of objective functions of cardinality-constrained maximization
problems for which the greedy algorithm guarantees a constant approximation. We propose the new
class of y-a-augmentable functions and prove that it encompasses several important subclasses, such
as functions of bounded submodularity ratio, a-augmentable functions, and weighted rank functions
of an independence system of bounded rank quotient — as well as additional objective functions
for which the greedy algorithm yields an approximation. For this general class of functions, we
show a tight bound of % . il on the approximation ratio of the greedy algorithm that tightly
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interpolates between bounds from the literature for functions of bounded submodularity ratio and
for a-augmentable functions. In particular, as a by-product, we close a gap in [Math.Prog., 2020] by

obtaining a tight lower bound for a-augmentable functions for all @ > 1. For weighted rank functions

of independence systems, our tight bound becomes %, which recovers the known bound of 1/q for

independence systems of rank quotient at least g.
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1. Introduction. We consider cardinality-constrained maximization problems
of the form

max f(X)
st | X <k
X CU,

with a monotone objective function f: 2V — Rsq over a finite ground set U. Ad-
ditional constraints of the form X € X can be modeled by the monotone objective
f(X) == max{f(Y)|Y € 2¥ N X}. In this way, every combinatorial, cardinality-
constrained maximization problem with monotone objective can be captured, and we
adopt this framework throughout the paper.! For example, the maximum weighted
matching problem on a graph G = (V, E) with edge weights w: E — R>( yields the
objective function f(X CE) = max{} ., w(e)|M C X, M is a matching in G}.

We focus on the performance of the greedy algorithm. This algorithm iteratively
produces a solution S%k ={w1,...,z} with

T; € aArgMaXy e\ {zy,....z: 13/ ({21, - 21} U {z}),

for all ¢ € [k] .= {1,...,k}, i.e., it adds elements such that the increase in objective
value is maximized in each step. The greedy algorithm is inherently incremental
and may be regarded as the most natural approach for incrementally building up
infrastructures that support changing active solutions (in the sense of the definition
f'(X) above). While this algorithm is widely used in practical applications, greedy
solutions can be arbitrarily far away from optimal (e.g., for the knapsack problem).

*An extended abstract of this paper appeared in [9].
Funding: Supported by DFG grant DI 2041/2.
fTU Darmstadt ({disser|weckbecker }@mathematik.tu-darmstadt.de).
INote that the objective function f may be computationally hard to evaluate. If we assume that
the greedy algorithm has oracle access to f, it requires O(|U|k) queries to the oracle.
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A natural question in this context is, for which objective functions f the greedy
algorithm gives a good solution. We are interested in characterizing these objective
functions.

Note that we consider the adaptwe greedy solution S¢ 7 as opposed to the non-
adaptive greedy solution S¢, G (ki) Where k € [|U]] is the smallest cardinality
such that f(SF U {z}) = (SG) for all 6 U \ SZ. In other words, the non-adaptive
greedy algorithm terminates as soon as it cannot improve the solution further. This
non-adaptive variant of the greedy algorithm has often been considered in the early
literature (e.g., [15, 16, 22, 23]). Note, that for submodular functions, i.e., functions
with f(XUY)+ f(XNY) < f(X)+ f(Y) for all X,Y C U, there is no difference
between these two variants, and for our purposes both variants are interchangeable
in the following sense.

Formally, we measure the quality of the greedy algorithm on a set of objec-
tives F by the approximation ratio supc r maxye(v, ) f (57 4)/f(Xyx), where Uy is
the ground set of the function f € F, S}, € argmaxxcy:. ‘X|<k f(X) denotes an
optimum solution of cardinality at most k and Xy € {S¢ Fr ST @} refers to the
(non-)adaptive greedy solution of cardinality k. We claim that the approximation
ratios of both variants of the greedy algorithm coincide. To see this, observe that the
non-adaptive setting is more restrictive, and that every lower bound instance in the
non-adaptive setting can be made adaptive by introducing additional elements that
add a vanishingly small but positive objective value when added to every solution.
This implies that all our bounds on the approximation ratio of the (adaptive) greedy
algorithm immediately apply to both variants.

From now on, we write SE = Sgk and S := S}, whenever f is clear from the
context. In these terms, we are interested in characterizing the set of objectives for
which the greedy algorithm has a bounded approximation ratio. Known examples
include the objectives of maximum (weighted) (b-)matching, maximum (weighted)
coverage, and many more [2, 3, 8, 18, 30|, and we additionally introduce a multi-
commodity flow problem (Section 2), where the greedy algorithm yields an approxi-
mation.

A well-known class of functions for which the greedy algorithm has a bounded
approximation ratio of (exactly) -%7 are the monotone, submodular functions [22].
This class includes the maximum coverage problem, but fails to capture many other
greedily approximable settings. See Figure 1 along with the following.

Das and Kempe [8] introduced the class of functions of bounded submodularity
ratio as a generalization of submodular functions. Importantly, its definition depends
on the greedy solutions for different cardinalities. We adapt and weaken the definition
from [8] for consistency, by restricting ourselves to greedy solutions and by minimizing
over all cardinalities.

DEFINITION 1.1 ([8]). The weak submodularity ratio of f: 2V — Rsq is (using

%::1)

B | S (X Uy} — F(X))
M= oo B v cnx . FXOY) —gx) Ol

Das and Kempe [8]
the greedy algorithm for the set of all monotone functlons with submodularity ratio
at least v > 0, and Bian et al. [3] extended this to a tight bound that is additionally
parameterized by the curvature of the objective. Since submodular functions have
submodularity ratio 1, this bound generalizes the submodular bound. Crucially, it is
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easy to verify that these results carry over to the set ]:",y of all monotone functions
with weak submodularity ratio at least vy > 0.2

Another generalization of submodularity was proposed by Bernstein et al. [2].
We extend the definition by a weakened variant in order to bring it more in line with
Definition 1.1.

DEFINITION 1.2 ([2]). The function f: 2V — Rsq is (weakly) a-augmentable for
a>1, if, for every X CU (X € {S§,...,58}) and Y C U withY ¢ X, there exists
an element y € Y \ X with

fXUY) —af(X)
Y '

FXU{y}) - f(X) =

Bernstein et al. showed that the greedy algorithm has an approximation ratio of at
most a- ;—il on the set F,, of monotone, a-augmentable functions, for a > 1, and that
this bound is tight for @ € {1, 2} and in the limit & — co. Since submodular functions
are l-augmentable, this bound again generalizes the submodular bound. The class
of a-augmentable problems captures the objective of the maximum (weighted) a-
dimensional matching problem, which is not submodular. In this paper, we introduce
a natural a-commodity flow variant that is a-augmentable, and we prove a tight lower
bound on the approximation ratio for all a > 1.

Another well-known setting, besides submodularity, where the greedy algorithm
has a bounded approximation ratio, are weighted rank functions of independence sys-
tems of bounded rank quotient [17]. An independence system is a tuple (U, T C 2Y),
where Z is closed under taking subsets and ) € Z. TFor a given weight
function w:U — Rso, the weighted rank function of (U,Z) is given by
f(X) =max{}_ oy w(x)]Y € TN2%}. The rank quotient of an independence sys-
tem (U,Z) is q(U,T) := minxcy ming pep(x) |B|/|B'|, where we set §:=1, and
the set B(X) of all bases of some set X C U is defined to be the set of inclusion-
wise maximal subsets of ZN2X, i.e., B(X) :={B € IN2X|vx € X\ B: BU{x} ¢ T}.
Jenkyns [15] and Korte and Hausmann [16] showed that the greedy algorithm has an
approximation ratio of exactly 1/¢ on the set F, of all weighted rank functions of
independence systems with rank quotient at least ¢ > 0.3

Our results. Our goal is to unify and to generalize the above classes of functions
on which the greedy algorithm has a bounded approximation ratio. To this end, we
first observe that each one of the classes ]:Z,, Fao, and Fy uniquely captures greedily
approximable objectives (cf. Figure 1 and Propositions 3.1, 3.2, 3.3, and 4.10). In par-
ticular, we construct a natural a-augmentable variant of multi-commodity flow that
does not have bounded (weak) submodularity ratio (for « € N\ {1}) and cannot be
expressed as the maximization of a weighted rank function. Besides the a-dimensional
matching problem, to our knowledge, the problem introduced in Section 2 is the only
other natural a-augmentable problem to date.

PROPOSITION 1.3. For every v,q € (0,1) and a > 1, it holds that
Fy ¢ (FaUF,) and Fod (FyUF,) and F; ¢ (F, UF,).
This motivates the following definition to consolidate all three classes.

2Here and throughout we use the notation F as opposed to F to refer to a function class based
on a weak definition.

3Note that we abuse notation, since, e.g., Fo # F4 for @ = ¢ = 1. However, the set of functions
we are referring to will always be clear by the naming of the indices.
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DEFINITION 1.4. The function f: 2V — Rsq is (weakly) y-a-augmentable for
v € (0,1] and a > v if, for all sets X C U (X € {S(?,...,Slg}) and allY C U with
Y ¢ X, there exists y € Y with

V(X UY) — af(X)
Y]

FXU{y}) - f(X) =

Note that we need to consider the weak variant of this definition if we hope to
encompass the class }:7, which enforces its defining property only for “greedy sets”,
however, any upper bound on the approximation ratio immediately carries over to
the same bound in the stronger definition. Also note that y-a-augmentability only
requires a > 7, unlike a-augmentability where o > 1. This is in line with the
definitions of a-augmentability where v = 1 and of the submodularity ratio where
a=. We let .7’:'%,JK denote the set of all weakly y-a-augmentable functions. The first
part of our main result is that this set encompasses all functions in ]:"7 U Fou UFy
and captures additional functions (cf. Figure 1). Formally, we show the following
(cf. Propositions 4.2 and 4.9).

THEOREM 1.5. For every v,q € (0,1], every v € (0,1), every o > 1, and every
o >+, it holds that

Fymax{oijg) 2 Fy UFaUF,  and  Fpo € F UF,UF,.

Note that o/ and +" in Theorem 1.5 do not depend on «, v and q. The second
part of our main result is a tight bound on the approximation ratio of the greedy
algorithm on F, , (cf. Theorems 4.3 and 4.7).

THEOREM 1.6. The approximation ratio of the greedy algorithm on the class .7:'%,JZ
of monotone, weakly vy-a-augmentable functions, with v € (0,1] and o > =, is exactly

o e®

v oex—1

Importantly, this bound recovers exactly the known bound for functions of
bounded submodularity ratio, since ]:'7 - JZ'%V, as well as the known bound for
a-augmentable functions, since F, C ]:—Low In that sense, our new bound inter-
polates tightly between these two bounds and generalizes them. In addition, our tight
lower bound for .7:'17a is obtained with an a-augmentable function. This means that,
in particular, we are able to close the gap left in [2], by showing a tight lower bound
for a-augmentable objectives, for all o > 1 (cf. Propositions 4.6 and 4.8).

COROLLARY 1.7. The approzimation ratio of the greedy algorithm on the class F,

e

of monotone, a-augmentable functions is exactly o - Z— for all a > 1.

Finally, we are also able to show a tight bound of a/v for -a-augmentable,
weighted rank functions on independence systems (cf. Propositions 4.11 and 4.12).
Since F; C ]:"1’1 /q (by Theorem 1.5), our bound recovers exactly the known bound
of 1/q for the approximation ratio of the greedy algorithm when the rank quotient is
bounded from below by ¢ > 0. This means that the class of monotone, weakly y-a-
augmentable functions truly unifies and generalizes the three classes .7:'7, Fao, and Fy
of greedily approximable functions (cf. Figure 1). Note that, in particular, the lower
bound is tight already for a-augmentable functions, which implies a tight bound of «
for the approximation ratio of the greedy algorithm on a-augmentable weighted rank
functions.
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Fic. 1. Relation of the different problem classes (nodes) and objective properties (ellipses).
Anything that is contained within one ellipse has the property the ellipse stands for. Newly introduced
classes and problems are marked in red with dashed lines and round nodes. The parameter k' is
chosen sufficiently large, depending on v and a.

THEOREM 1.8. Let Fig := UqE(O,l] Fy be the set of weighted rank functions on
some independence system. The approximation ratio of the greedy algorithm on the
class Fy o N Fig, with v € (0,1] and o > v, is exactly %

Related Work. We can view our cardinality-constrained maximization framework
as a special case of maximization over an independence system. In particular, the
cardinality-constraint can be expressed as a uniform matroid constraint [17]. From
that perspective, the most basic, non-trivial setting is the maximization of a lin-
ear (i.e., modular) objective over an independence system. Regarding the approxima-
tion ratio of the greedy algorithm, this classic setting is equivalent to the maximiza-
tion of a weighted rank function, as considered in Theorem 1.8. This is easy to see
by considering the non-adaptive variant of the greedy algorithm, and by observing
that the greedy solution is guaranteed to remain feasible while the algorithm makes
progress (cf. Lemma 4.1).

In that sense, the perfomance of the greedy algorithm for weighted rank function
maximization has extensively been studied in the past. Rado [25] showed that the
greedy algorithm is optimal for all weight functions if the underlying independence sys-
tem is a matroid, and Edmonds [10] established the reverse implication. Jenkyns [15]
extended this result by showing an upper bound of 1/¢ for the approximation ratio
of the greedy algorithm on independence systems with rank quotient g, and Korte
and Hausmann [16] gave a tight lower bound. Years later, Mestre [21] indepen-
dently proved this tight bound for the subclass of k-extendible independence systems.
Bouchet [4] gave a different generalization of the result by Rado and Edmonds by
showing that the greedy algorithm remains optimal on symmetrical matroids.

Another prominent setting is the maximization of a submodular function over an
independence system. Again, this includes cardinality-constrained maximization of a
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submodular objective, which is equivalent to submodular maximization over a uniform
matroid. Nemhauser, Wolsey, and Fisher [23] showed that the greedy algorithm has a
tight approximation ratio of %5 for maximizing a monotone, submodular function un-
der a cardinality-constraint. Krause et al. [19] observed that the approximation ratio
is unbounded when maximizing the minimum of two monotone, submodular func-
tions. Non-monotone submodular maximization over a cardinality-constraint (and
knapsack constraints) was considered by Lee et al. [20]. Feldman et al. [14] analyzed
a variant of the continuous greedy algorithm [28] and showed an upper bound on
its approximation ratio of (1/e — o(1))~!. This bound for the non-monotone case
with cardinality-constraint was later improved by Buchbinder et al. [5] and Ene and
Nguyen [11] by further adapting the (continuous) greedy algorithm. For maximiz-
ing a submodular function subject to k-extentible system and k-systems constraints,
Feldman et al. [12, 13] considered three variants of the greedy algorithm, a repeated
greedy, a sample greedy and a simultaneous greedy. They were able to show approx-
imation ratios of k + O(1) for k-extendible system constraints and k + O(v/k) for
k-system constraints.

Maximization of a monotone, submodular function over a matroid was considered
by Vondrak [28] and by Calinescu et al. [6], who showed that the continuous greedy
algorithm has an approximation ratio of _*5 in this setting. Nemhauser, Wolsey,
and Fisher [23], showed an upper bound of p 4+ 1 for the regular greedy algorithm
when maximizing over the intersection of p matroids. A generalization of this upper
bound to the setting of maximizing subject to a p-system constraint was later proven
by Calinescu et al. [6]. Conforti and Cornuejols [7] gave an upper bound of p + ¢
depending on the curvature ¢ of the monotone submodular function — this interpolates
between the submodular bound of [23] (¢ = 1) and the linear bound of [16] (¢ = 0).
Vondrak [29] showed that the continuous greedy algorithm has an approximation ratio
of at most c% over an arbitrary matroid, and Sviridenko, Vondrak, and Ward [27]
showed an improved upper bound of = for the approximation ratio of a modified
continuous greedy algorithm over a uniform matroid (i.e., a cardinality-constraint).

Other variants of the problem setting include the maximization of a monotone,
submodular function over a knapsack constraint [26], and robust submodular maxi-
mization [1, 24].

1.1. Paper organization. This paper is structured as follows. In Section 2 we
present an a-augmentable multi-commodity flow problem. We show that the greedy
algorithm cannot achieve an approximation ratio smaller than the known upper bound
of a - % for this problem class for a € N, i.e., we show Corollary 1.7 for a € N. In
Section 3 we prove most of Proposition 1.3, i.e., we show that of the function classes
f}, Fo and Fy, neither is contained within the other two. Lastly, in Section 4 we show
Theorems 1.5, 1.6 and 1.8. L.e., we show that the class of y-a-augmentable functions
contains the three previously mentioned classes, and show a tight approximation ratios
for the greedy algorithm on this class. Furthermore, we close the gaps left in the proofs
of the previous sections.

2. The MULTI-SINK a-CoMMODITY FLOW problem. In this section, we
introduce a natural a-commodity flow problem that models, e.g., production processes
where output is limited by availability of all components. The objective of this prob-
lem is (exactly) a-augmentable, but, for « € N\ {1}, does not have a bounded (weak)
submodularity ratio and cannot be expressed as a weighted rank function over an
independence system. We will show that this problem also gives a tight lower bound
for the approximation ratio of the greedy algorithm on a-augmentable functions, for



UNIFIED GREEDY APPROXIMABILITY BEYOND SUBMODULAR MAXIMIZATION 7

a € N. We will extend this lower bound to all & > 1 in Section 4.1, and thus close a
gap left by [2].
DEFINITION 2.1. For a directed graph G = (V, E) with source s € V, sinks T C V,

and arc capacities p: B — R>q, we define an s-T-flow to be a function ¥: EE — Rx>g
that satisfies

de) <pule) VeekFE (capacity constraint),
exg(v) =0 YoeV\{s}UT) (flow conservation),
exy(t) >0 VieT (T are sinks),

where (using 67 (v) := ({v} x V)N E, 6 (v) := (V x {v}) N E) the excess of a vertex

v €V is defined as
exg(v):= Y We)— Y de).

e€d (v) e€dt(v)

We extend this notion to multi-commodity flows, where each commodity has an
independent capacity function.

DEFINITION 2.2. Let « € N and G = (V, E) be a graph with s € V and T C V.
Furthermore, let = (j1;: B — Rx0)iea) be capacity functions. A multicommodity-
flow in G w.r.t. p is a tuple § = (V1, ..., Vo), where ¥; is an s-T-flow in G with respect
to capacities p;. The minimum-excess of the sink vertex t € T in 1§ is

minexy(t) := m[ln] exy, (t).
i€l

For convenience, we let p(u,v) = u((u,v)), d(u,v) := ¥((u,v)), and we let
exg(V') 1= ey exo(v) for V! C V, and minexy(T”) := >, minexy(t) for 7" C T
in the following.

An instance of the problem MULTI-SINK a-CoOMMODITY FLow, for o € N, is
given by a tuple (G, s, T, u), where G = (V, E) is a directed graph, s € V' is a source
vertex, T C V contains sink vertices, and p = (u;: £ — R>0)c[q] are capacity func-
tions. The problem is to find a subset of sinks X C T with |X| = k that maximizes
the objective function

f(X)= 19én/\/a[}G<1H minexy (X),
where Mg, denotes the set of all multicommodity-flows in G w.r.t. capacities .

EXAMPLE 2.3. For a prototypical application of MULTI-SINK «-COMMODITY
Frow, consider a factory where k € N machines are to be built in a set T of po-
tential locations. Each machine produces the same item and needs a number a € N of
different resources. The output of a machine is limited by the resource it has available
the least. All resources are delivered to the machines along different routes within the
factory, e.g., some liquids might be transported via pipes, other resources might be
transported on a conveyor belt or on pallets. The objective is to determine in which k
locations the machines should be constructed in order to maximize overall production.

THEOREM 2.4. For every a € N, the objective of MULTI-SINK c-COMMODITY
FLow is monotone and a-augmentable.

Proof. Let X C T and t € T'\ X. To prove monotonicity, fix some flow ¥ with
minexy(X) = f(X). By definition, minexy(X) < minexy(X U {t}) < f(X U {t})
holds and thus f is monotone.
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To show a-augmentability, let (G,s,T,u) be an instance of MULTI-SINK
a-CoMmmoDITY FLow. Let X,Y C T such that Y/ := Y \ X # ). We show that there
exists y € Y’ with

fXUY) — af(X)

FXU{y}) - F(X) va

This suffices because, with

JXUY') —af(X) _ J(XUY)—af(X) |
Y] Y] -

fXUY) —af(X)
Y ’

a-augmentability of the problem follows.

Let 9XYY" = (09X 9XYY") be a multicommodity-flow in G that maximises
the minimum-exess minexyxoy (X UY”), ie., minexyxuv (X UY') = f(X UY"),
such that ¥XYY" is a maximum s-(X U Y’)-flow w.r.t. capacity p; for all i € [a].
Such a multicommodity-flow can be obtained by augmenting a flow that maximises
minex gxuy/ (X UY”), e.g., with the Edmonds-Karp algorithm (cf. [17]). Furthermore,
we let 9 = (95, ..., 9X) be a multicommodity-flow in G with minexyx (X) = f(X),
as well as exyx(X) = f(X) and exyx(T'\ X) = 0 for all i € [a], ie, 9* max-
imises the minimum-excess of the set X while the values of all flows X are as small
as possible. This multicommodity-flow can be obtained by reducing the flows of a
multicommodity-flow that maximises minexyx (X UY”) along paths of a path decom-
position of the flow (cf. [17]). We define the function ¢g: X — [a], such that, for

all z € X, no flow ¥ w.r.t. capacity pg(,) exists with exz(z') > eXyx )(m’) for all
g(z
' € X\ {z} and with exj(z) > eXyx )(x) This means that the flow 792(@) is one of

the flows limiting the value of minexyx (7). Let ¢71(i) = {z € X | g(z) = i} for all
1 € [a] be the preimage of g. Obviously

(2.1) U g 16) = X.

~ We add a super sink ¢ to G' and let G = (V,E) with V := V U {t} and
E:=EU{(v,t)|ve (XUY’')} denote the resulting graph. Furthermore, we define
the capacity functions fi;: E — R for all i € [«] such that, for (u,v) € E,

wi(u,v), if (u,v) € E,
fii(u,v) := § max{exyx (u), exyxovs (u)}, if (u,v) € X x {t},
exgxuy’ (1), if (u,v) €Y’ x {t}.

Now we extend the flow 959 to a flow 1~9XUY/ in G, such that, for all i € [a] and
(u,v) € E,

IXY (u,v), if (u,v) € E,

eXyxuUy/ (u), else,

ﬁfmyl (u,v) := {

~ X ~

holds, and analogously, we extend the flow 9% to a flow ¥ in G. With this def-
inition, 9XYY" is a maximum s-t-flow w.r.t. capacity fi;, because ¥XY" is a maxi-
mum s-(X UY’)-flow w.r.t. capacity p;.
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_ Fori € [a], let J; be a maximum s-t-flow w.r.t. capacity fi; in G obtained from
9 by using the Edmonds-Karp algorithm. Then its value is exactly exyxuy (XUY'),

as 19;~XU~Y, is a maximum s-(X UY”)-flow. We project J; onto a flow in G, i.c., we set
¥ == 0;|g for i € [o] and define ¥ := (Y4, ...,9,). For all x € X, by definition of 9,
we have exy, (x) > exyx (x), and thus, by definition of g,

(2.2) exﬁg(m)(x) = exﬂ;((w)(x).

Because ¥; is a maximum s-t-flow in G w.r.t. capacity fi;, ¥; is a maximum s-(XUY”)-
flow w.r.t. capacity y; in G. Since 99V is also a maximum s-(X UY”)-flow w.r.t.
capacity p;, we have

(23) exm (X @] Y/) = eXﬁXuy’ (X U Y/)

For all x € X, we know that the excess of z in 1; is as large as the flow &i(x,t), ie.,
(2.4) 3
exy, (z) = ¥(x,t) < fiy(x,t) = max{exyx (), exyxuv (v)} < exyx (z) + exyxov ().

By maximality of 9~ and because exy, (x) > exyx (z) for all z € X, we have
(2.5) minexy(X) = minexyx (X) = f(X).
Since X NY’ = (), we obtain

exgur (V") = exa, (V)
= exyxov (X UY') —exy, (X UY') — exyxov (X) + exy, (X)

(E’) exﬁi (X) - exﬂxuy/ (X)
= > (@) e @)+ D (exa,(2) — exgxor (@)
z€X\g~1(d) z€g—1(i)
(2.4),(2.2)
< expx (@) + Y (exgx(z) — exyxov (@)
z€X\g~1 () zeg~1(i)

26) = fO) - Y expeon (@),

zEgT1 (i)
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where we used minimality of 9. Using this we can compute

mil’leXﬂqu’ (Y/) = y;l Znél[ln]{eXﬁxuy/ (y)}

= 3" minfexy, (4) + (ex,x0n (1) — exo, (1))}

yey i€(a]

IN
/—\
ng.
L
—
@
<
%
=
_|_
('D
<

t}:
=X
c
i
I
¢]
>
<
=
N~—
N—
~——

= minexy(Y') + Z(exﬂfuy, (V') — exy, (Y"))

(2.6) o
< minex,g(Y')—i—Z(f(X)— Z exyxuv (z))
i=1 w€g—1 (i)
@1
(2.7) =" minexy(Y") + af(X Z exﬂxuy/
zeX

Finally, because of X N Y’ = (), we get
f(Xuy’) = minex g x oy (X)+ minex g xoy” (Y")
= Z (min exxuy’ (2)) 4+ minexyxuy (Y7)

ex i€[a)
< E exﬁ)iuy/ ) + minexy (V') + af(X E eXﬂXU;ﬂ
zeX 9(®) zeX ot
E minexy(y) + af(X),
yey’

which is equivalent to

(2.8) > minexy(y) > f(XUY') - af(X).

Now, we show that f(XU{y})—f(X) > minexy(y) for all y € Y”, which completes
the proof,

Y| (gg)sf(XU {v}) = £(X)) = > (F(XU{y}) - (X))

(2.8)

> Zminex,g( ) = f(XUY') —af(X).

In order to show that f(XU{y})— f(X) > minexy(y) holds for ally € Y’, let y € Y".
Since X NY’ = 0, we have

minexy (X U {y}) = minexy(X) + minexy(y) = F(X) + minexy (y).
Furthermore, we have f(XU{y}) > minexy(X U{y}) because ¥ is a multicommodity-

flow in G. Combining these two insights yields f(X U{y}) — f(X) > minexy(y).
Thus, we can conclude that f is a-augmentable. 0
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Fic. 2. An instance of MuLTI-SINK a-CommoDpITY FLow for o = 2 where the objective has
(weak) submodularity ratio 0 and cannot be modelled as weighted rank function of some independence
system.

PROPOSITION 2.5. For every v,q € (0,1), and o € N with o > 2, there exists an
instance of MULTI-SINK a-COMMODITY FLOW where the objective is not in F, U Fy.

Proof. We will define such an instance of MULTI-SINK a-COMMODITY FLOW.
Let

T := {t17t23t3}7
Vi={s,v1,02} UT,

E .= {(8’ Ul)? ($7U2)7 (Svtl)’ (3’t3)a (Uhtl)v (U15t2)7 (U27t2)’ (UQ, t3)}a
G:=(V,E),

and, with 0 < € < 7, let

(14¢,0,0,...,0), if e = (s,v1),
i B - R, p(e) = (0,14+¢1+4c¢,...,1+¢), ?fe—(s,vg),

(1 0,0,. ) ifee {(S,tg),(Ul,tl),(’Ul,tQ)},

0,1,1,...,1), else.
A diagram of the graph can be seen in Figure 2. With proper tie breaking (or by adding
small extra capacities), the greedy algorithm picks the sink ¢5 in the first iteration.
Adding any other sink to this increases the objective value by e, i.e., for all t € T', we
have Y, (f(ST U{t}) — f(5¥)) = 2e. But since f(ST U{t1,t3}) — f(ST) =1, the
weak submodularity ratio of this problem is % < 7.

If f could be modelled as the weighted rank function of some independence system,

the corresponding weight function would have to satisfy w(t;) = w(te) = w(ts) = 1
because each sink alone has a minimum-excess of 1. Yet, we have f({t1,t2}) =1 +e.
This cannot be possible if f is the weighted rank function of some independence
system, as, in this case, we would have f({t1,t2}) € {0, 1,2}, depending on which sets
are independent. ]

We will now construct a family of instances the MULTI-SINK a-COMMODITY
Frow problem to show a tight lower bound on the approximation ratio of the greedy
algorithm for the class of a-augmentable objectives for o € N.
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For o = 2, MULTI-SINK a-COMMODITY FLOW problem is equivalent to the
BRIDGEFLOW problem considered in [2]. We generalize the tight lower bound con-
struction for BRIDGEFLOW to arbitrary o € N.

For ke N, k>2weletax:= Now, we define the graphs Gy = (Vi, Ex)
(cf. Figure 3) via

Kk
k—1-

Vk = {571)1’ "'7/Uak7t17 "'7t2ak})

Ey = U Ekis
i=1
ak ak
Eri =By, UES, U Bray U | By
j=1 j=1
Ep i = {8, tagim1)b41)s s (8, Eagiri) )
El?,cz = {(S’tak+1)’ ) <s>t20<k>} \ Eli,ia
Ek,i,j = {(S,Uj), (’Uj,tj)}Vj S [Oék],
B i =), tlagiztk41)s o (V5 Eagiyk) }VI € [0k],

capacity functions p* = (u¥, ..., puk) with p¥: E¥ — R for i € [a] and

1, if e € By,
0, if e € EFY,

pf(e) = S x®k—itl  if e € By, for some j € [ak],
gt if e € B S for some j € [ak],
0, else.

Note that only the arcs in & ; allow a flow of commodity ¢. We define s to be the
source vertex and T := {t1, ..., taqk } to be the set of sink vertices.

In the following proof we will need the following observation: Using x = % and
with n € N the equation

n ) ok %”Jﬁlil
1+]1€;x31+;< $—111>1+’1€<((k5)1)1 -1)
~r oo () ) -
(2.9) =1+ (%)" — %((k— )+1) = (%)" = 2"

holds.

We will now show in which order the greedy algorithm picks the vertices from the
set T'. We assume that the tie-breaking works out in our favor. This can be achieved
by introducing small offsets to the capacities. For better readability we omit this here.

LEMMA 2.6. Let o,k € N. In iteration £ € [ak], the greedy algorithm picks
sink vertex tg. Furthermore, a multicommodity-flow ¥ = (91, ...,94) with mazimum
minimum-excess of the vertices {t1, ...,t;} for € [ak] always satisfies ¥;(e) = x@k—i+1
for all e € Ey; ; with i € [a] and j € [4], i.e., all arcs in Ey; ; are fully saturated for
alli € [a] and j € [(].
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ak

pok—i+1

(0.9)
toak

Fic. 3. The graph Gy, only with edges from & ; and capacities ,uf

Proof. We will prove the statement by induction. In iteration ¢ = 1, the gain
of picking vertex t; with j € [ak] is 2®*7JT1  because for all i € [a] we can have
a flow of value x*¥=7+1 of commodity i from s via v; and the edges in Ej; ; to t;
and no more flows to t; are possible, since the only incoming arc to ¢;, which allows
a flow of commodity i, is the arc (vj,t;) € Eg; ;. The gain of picking vertex ¢;
with j € {ak+1,...,2ak} is the minimum of all commodities flowing to ¢; and there
is only one commodity which does not allow an unbounded flow to t;, because for
i € [a] \ {[£32]} there is an arc from s; to t; in B}, ; with infinite capacity for
commodity ¢. The maximum flow of the commodity with a finite flow to ¢; is

1+ lik:sr] @9 jak
k 4 ’
Jj=1
and, thus, with proper tie-breaking, the greedy algorithm chooses vertex ¢;. For
i € [a], the only incoming path that allows a flow of commodity i from s to ¢; is along
the edges in E} ; 1, so they have to be fully saturated by a multicommodity-flow with
maximum minimum-excess.

Now suppose the statement is true for some £ € [ak—1], i.e., the greedy algorithm
has picked edges t1, ..., t; and a multicommodity-flow with maximum minimum-excess
of the vertices {t1,...,t;} fully saturates all arcs in Ej; ; for all i € [a] and j € [¢].
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Then the gain of picking vertex t; for j € {¢+1,...,ak} is still z°*=JF1 because all
s-t;-paths for i € [a] do not carry flow that contributes to the maximum minimum-
excess. The gain of picking vertex ¢; for j € {ak + 1,...,2ak} is still the minimum
of all commodities flowing to ¢;, and again there is only one commodity which does
not allow an unbounded flow to t;. Because all incoming flow at vertices vy, ..., vp
already saturates all incoming arcs, there is no flow of this commodity via a vertex
in {v1,...,v¢} to t; possible without reducing the minimum-excess of another sink
vertex by the same amount. Thus, the maximal flow of this commodity to ¢; is

ak—
Z -
)

so, with proper tie-breaking, the greedy algorithm picks vertex ¢y next. For i € [«],
the only incoming path that allows a flow of commodity ¢ from s to ¢; for j € [¢] is
along the edges in Ey ; j, so they have to be fully saturated by a multicommodity-flow
with maximum minimum-excess. 0

??‘\H

With this, we obtain a lower bound for the approximation ratio of the greedy
algorithm on F,, for o € N that tightly matches the upper bound of [2], i.e., we obtain
Corollary 1.7 for « € N. In particular, it follows that the objective of MULTI-SINK
a-CoOMMODITY FLOW is not S-augmentable for any 8 < «. We will generalize the
lower bound to all o > 1 in Section 4.1.

THEOREM 2.7. For a € N, the greedy algorithm has an approzimation ratio of at
least aZ— for MULTI-SINK a-COMMODITY FLOW.

Pmof. By Lemma 2.6, the greedy algorithm picks the sinks t1,...,t4% in the
first ok iterations and the objective increases by z®*=7+! when sink vertex t; is
picked and thus the minimum-excess of the greedy solution is

ak
&) =3 a7 L gt~ 1),
j=1

We compare this to the solution that picks the vertices tok41, ..., t2ak (Which is, in fact,
an optimal solution for cardinality ak). Increasing the flow to one of these vertices
does not reduce the flow to the others, so the minimum-excess of any of these vertices
is

ak
1 Z (2.9 ok
1 + E P $] = T s

and their total minimum-excess thus is akx®*. Using this and z =
the ratio between this solution and the greedy solution and get

akz®® azk _ a(ﬁ)ak (( ))

%, we calculate

ot B T (1 (-

Using the identity limy_,.(k/(k — 1))¥ = e, we obtain the limit




UNIFIED GREEDY APPROXIMABILITY BEYOND SUBMODULAR MAXIMIZATION 15

3. Separating Function Classes. In this section we will prove the second and
third part of Proposition 1.3 for all a > 1, as well as the first part of Proposition 1.3
for a € N\ {1}. The case a > 1 will be addressed in Section 4.1.

We start with the first part, i.e., we separate F, for « € N\ {1}. This follows
immediately from Theorem 2.4 and Proposition 2.5.

PROPOSITION 3.1. For every v,q € (0,1), and o € N with a > 2, it holds that
Fo & (FyUF,).

Proof. Let v,q € (0,1), and o € N with o > 2. By Theorem 2.4, every objective
of an instance of MULTI-SINK a-COMMODITY FLOW is a-augmentable. By Propo-
sition 2.5, there exists an instance of MULTI-SINK a-COMMODITY FLOW, where the
objective is not in .7:'7 U Fy. Combining this yields the desired result. 0

We proceed to show the second and third part of Proposition 1.3 (for all a > 1).
PROPOSITION 3.2. For every v,q € (0,1), a > 1, it holds that F,, & (Fa U F,).
Proof. Consider the set U = {a,b} and the objective function

| X[, if [X[<T,
12V 5 R, f1(X) =4, 1
=, else

If f7 could be modelled as the weighted rank function of an independence system
(U, ), then we would have U € T because f(U) > f(X) for all X C U. Then Z = 2Y
and f7 would be linear which is not true. Thus f7 cannot be modelled as the weighted
rank function of an independence system, and f¥ ¢ F,.

Furthermore, f7 ¢ F,. To see this, consider X = 0) and Y = {a,b}. Then we
have f7(XU{y})— f7"(X) =1for all y € Y, and we have W = % Since
v < 1, the problem is not a-augmentable.

Now, let X,Y C U with X NY = (. For Y = () the ratio in the definition of the

weak submodularity ratio is % = 1. Thus, assume |Y| > 1. If X = (), we have
Spey PO =109 _ v
SIXUY) - fr(X) f) -

Otherwise, if |X| = 1, then |Y| = 1 and the ratio in the definition of the (weak)
submodularity ratio is 1. In both cases, the ratio is at least v, thus the (weak)
submodularity ratio of this problem is vy, and f” € F,. a0

PROPOSITION 3.3. For every v, q € (0,1), a > 1, it holds that F, ¢ (F, U Fa).
Proof. We fix m,n € N with ¢ < % <1land a>1. Let

A= {al, ...,a[a"n},

B = {b1,...,bfa1n},

C:={c}

U:=AUBUC,

T:=22U22U{X cU||X| < [a]m}.

We consider the independence system (U,Z) and the weight function w: U — R

defined by
() 1, e€ A,
w(e) =
[a](n—m)+1, else.
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The weighted rank function f is given by
U — Rsg, f4(X) = max{w(Y) | Y € 2¥ nT}.

Obviously we have ¢(U,Z) = ™, ie., f? € F,.
For X =A,Y =B and y € Y, we calculate
fIX) = [a]n,
fIXU{y}) = max{[a[n, [a](n —m) + 1+ ([a]m — 1)} = [a]n,
fUXUY) = [aln([al(n —m) +1).

Suppose, f? was a-augmentable. Then

fUXUY) —afi(X)
Y] ’

FHUX Uy} - F9(X) =

€., [a‘|n7 [a]n> (Cﬂn([a“nfm)+1)fa[(ﬂn
) [a]n :

which is equivalent to
a> [a](n—m)+1.

Since n > m, this is a contradiction, i.e., f? & F,.
Now, with X = {c¢,b1,...,bra1m—1} and Y = B\ X = {bfa1m, .-, O[a]n}, We have

Dyey [1(X U{y}) - f1(X)
fUXUY) = fa(X)

=0.

Thus, and because the set X can be the greedy solution Sl—?, the weak submodularity
ratio of this problem is y(f9) = 0, i.e., f4 ¢ F,. 0

4. v-a-Augmentability. In this section, we argue that the class ]:'%a of weakly
vy-a-augmentable functions unifies and generalizes the classes ]:"7, Fao, and Fy. We
start by proving the first half of Theorem 1.5. The second half will be shown in
Section 4.1, together with lower bounds for the approximation ratio of the greedy
algorithm.

We need the following simple lemma.

LEMMA 4.1. Let (U,Z) be an independence system with weight function
w: U — Rsq and weighted rank function f. Furthermore, let k € [k] and x € U \ SF
with w(x) > 0. Then, the following are equivalent:

(i) SFu{z} el

(ii) F(SEUAa}) — F(SC) = w(z)

(iii) f(SFU{x}) — f(SF) >0

Proof. “(i) = (i1)”: By definition of f as a weighted rank function and be-
cause S§f U {z} € Z, we have

FSEU{ah) = (S5 = Y0 w@) = Y w(@) =wl).

z'eSguU{z} z'eSg

“(ii) = (#3)”: This follows immediately from the fact that w(z) > 0.
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“(iii) = (i) Let x € U\SS with f(SgU{x})— f(SS) > 0. Suppose there is some
s" € S¢ with w(z) > w(s’). This means that z was considered by the greedy algorithm
before and not added to the solution, i.e., {s € SS | w(s) > w(z)} U{x} ¢ Z. The fact
that  f(Sg U{z}) — f(SF) >0 implies that there is @#SCSY with
SS\Su{z}eZ and w(S) < w(x). The last inequality implies that
{s € S| w(s) >w(x)} =0, which means that {s € S¢ | w(s) > w(z)} C SF\ S. But
then {s € S¢ | w(s) > w(z)} U {z} € Z, which is a contradiction. Therefore, we have
w(z) <w(s) for all s € SF. If we would have S U {z} ¢ Z, then the equality
F(SEU{z}) — f(S¥) =0 would hold because every element in Sy has a greater
weight than = and because S € Z. Thus, the statement holds. a0

Since (weak) ~v-a-augmentability implies (weak) 7'-a’-augmentability for all
~v > ~" and a < o, the following proposition implies the first part of Theorem 1.5.
PROPOSITION 4.2. For every vy, q € (0,1], and every o > 1, it holds that

Fia 2 Fa and Fyy 2 F, and Frng 2 Fq-

Proof. If f € F,, then, for all X, Y C U, and, in particular X € {S(()},...,Sl—f},
there exists y € Y with

Fecu ) - 0 2 HIEE L=

which means that f € .7:'10
For the second part of the proof, let f € F,, X € {S§, ..., S,—S} and Y CU\ X.
Furthermore, let y* € argmax,ecy f(X U {y}). Then, we have

YVI(F(X ULy = F(X) 2 D (F(X U{y}) - f(X))

yeYy

> (NFXVY) =~(f)f(X),

where the second inequality follows from the definition of the weak submodularity

ratio. Since (f) > v, this means that f is weakly y-y-augmentable, i.e., f € ]}%7.
For the last part of the proof, let f € F, be the weighted rank function of an

independence system (U,7), and let w: U — Rx>( be the associated weight function.

Furthermore, let & € [k] and Y C U. We prove that, for every v € (0, 1], there exists
y € Y with

FSS U ) — (s 5 VY — qaim /(SE)
- V] '

If f(SSUY) - ﬁ f(S$) < 0, the inequality holds by monotonicity of f. Thus,
assume from now on that

1
4.1 SEUY) — ———f(S5) > 0.
(41) FSPUY) = o f(59) >
Let S’ C S¢ and Y/ C Y with S’UY’ € T and f(S$UY) = w(S’UY"). Furthermore,
let y* := argmax, ey’ f(SS U {y}). We define

7. {{yew|w<y>>w<y*>}, if (ST U{y"}) > £(SF)

NG if f(STU{y™}) = f(S9),
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and we define the independence system (U, Z) with
U:=SSuY,
T =25 Y25y,
We have U C U and Z C Z and thus ¢(U,Z) > ¢(U, 7). The greedy solution for the

maximization problem on the independence system (U,Z) is S¢. Let S* C U be the
optimal solution. Then, as shown in [15, 16], we have

F(SF) 2q(U, D) f(5%) > q(U, D) f(S'UY)
(4.2) >q(U,T)f(S'UY) = q(U,T)w(S' UY).
If £(SSU{y*}) > f(SF), Lemma 4.1 yields f(SS U {y*}) — f(SZ) = w(y*), and if

F(SS U{y*}) = f(SS), by definition of Y, we have |Y’\ Y| = 0. Using this and the
definition of Y, we get

YI(FSEUfy ) = f(S5) = Y \Y]w(y")
> wl’\Y)
(422) w(Y'\Y)4+w(S'UY) - o0 I)f(SE)
! / 1
= w(S UY)—WJC(SS)
1
= f(SI?UY)_mf(SS)
(4.1),1>y G Y fe]
> vf(Sk UY)_q(U I)f(sk)-

Since q(U,Z) > ¢, this yields weak fy—f—augmentablhty, ie., fEeF d

v/a

Having shown that ]-'%a subsumes the other three classes of functions, we now
prove the upper bound on the approximation ratio in Theorem 1.6 for this class.
Observe that the upper bound trivially carries over to the class of monotone, y-a-
augmentable (not weakly) functions.

THEOREM 4.3. The approximation ratio of the greedy algorithm on the class .7:'%&
of monotone, weakly v-a-augmentable functions, with v € (0,1] and o > =, is at most

« e

v oex—1"

Proof. Let f € ]:'%a. First we consider the case k > k, i.e., the case that the
greedy algorithm stops early because the value of the solution cannot be increased by
adding any element. Because f is weakly y-a-augmentable and there is no element
u € U with f(S; U {u}) — f(Sg) > 0, we have, for all z € S},

0 =ISEI(f(SF U{x}) — f(SF)) =7 f(SF USE) —af(Sg) = vf(Sk) — af(Sy),
Le, f(SF) = 2f(Sp) > - <=2 f(Sp)-

Now consider the case that k < k. For ease of notation, we define the gain of the
greedy algorithm in iteration j to be §; := f(S]G’) - f(SjG_l) for all j € [k]. Let i € [k]
and

*

T = argmaXgeS; f(SiCil U{z}) - f(SzCil)
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We have
G ) _ e)
6 > f(SE, u{x*}) — f(SE,) > Vf(Si—lusgil af(Siy)
k
i—1
(4.3) > T 1(5) — S H5E0) = L5 — 23 8- 210,

We prove by induction that, for all £ € {0, ...,k}, we have

)4
«

(4.4) FS0) = 528 = ST 0) < f(S)(1 - )

J=1

For ¢ = 0 the equation obviously holds. Now suppose that (4.4) holds for some
¢€{0,....k —1}. Then, for £+ 1, we have

Z—H
G N6 - ff((b)

Jj=1

— 1(S5}) - %Zaj - %ml - %f(@))

(4.3) o ¢ « (6]
§3 F(SE) ——Zé —f(% )—Ez5j_gf(@))—§f(@)

Jj=1

(4.4)

= (rs)- %Zéj —SIO) (- 1) < A=

and (4.4) continues to hold. Because of 1 + z < e” for z € R, we have

L

f(s =2 > 6 - ~fO)

Jj=1

(4.4)
<

F(SE) (L= ) < e REF(SP).

??‘\Q

Rearranging this for £ = k and using the fact that f(S¢) = 2521 d; + f(0), yields

e —

Lrisp). .

g
S8y > L.
JC
4.1. A Critical Function. To obtain the tight lower bound of Theorem 1.6 for
weakly ~-o-augmentable problems and to separate this class from F, U F, U Fy, we
introduce a function that is inspired by a construction in [3] for the submodularity
ratio.
We fix v € (0,1] and o > 7. Let k € N with £ > «, and let A = {aq, .. ak}
and B = {by,...,b;} be disjoint sets. We set U = AU B, define & := (& 0‘)
and let h(z) := 'Y,:leQ + k=12 For our purpose, the important facts about h

F—1
are h(0) =0, h(1) =1, h(k) = % and that h is convex and non-decreasing on [0, k]).

With this in mind, we define the function F, , 1 : U R>q by

F%a,k(X):max{h(\{bl}ﬂXl;\-IBﬂX’\)(l_a > &)+ > &)

X'CX

a; EANX’ a; EANX’



20 Y. DISSER, D. WECKBECKER

If h([{b:1} N X|- BN X][) > £, we have

h({br} N X|-[BN X])

F’y’a,k(X): k
and otherwise, if A(|{b1} N X|-|BNX]|) < =, we have
h({b1}NX|-|BNX
Py () = MO ')(1—a > o)+ Y e
€[k
a;, EANX OLGEAf]TX

We observe that, for X C B, convexity of h, h(0) = 0, h(k) = k/v and |X]| <
|B| = k imply that

and, for £ € {0,...,k}, we have
£ i k—a)?¢ k—a)?
L/k—ayi-t 11— (E29) 1— (B2
4. = - Z. k — k)
I A =

We show that our modification of the function introduced in [3] retains the same
structure in regard to greedy solutions.

PROPOSITION 4.4. Fori € [k], the greedy algorithm picks the element a; in itera-
tion i, and, for i € [2k]\ [k], the greedy algorithm picks the element b,y in iteration
i.

Proof. First, we consider the case i € [k]. Suppose that in iteration i, the initial
solution is {a1, ..., a;—1 }, where {ay, ...,ap} = 0, with objective value Zz;i &e. Adding
an element from {bo, ..., by } does not increase the objective value because {b; }N{b} = 0
for all b € {by,...,b}. For j € {i,...,k}, adding a; increases the objective value by
& = (k koayi=1" Since k > a, we have & > & for j > 4. Adding the element b; to
the solutlon {al, .., @;—1} increases the objective value by

I e R C O

Thus, with proper tie breaking, the greedy algorithm picks the element a; in iteration
i for i € [k].

Now, we consider the case that i € {k + 1,...,2k}. For i = k + 1, adding an ele-
ment from {bo, ..., bx} does not increase the objective value, while adding by increases
it by 1(£22)*. Thus, in iteration k + 1, the element b; is added to the solution.
For i > k + 2, adding any element from B\ S& ; to the greedy solution S& ; increases
the function value by the same amount. Therefore, with proper tie breaking, the
greedy algorithm picks the element b;_ in iteration ¢ for i € {k +1,...,2k}. ]

With this, we can show that F,, ;. is weakly y-a-augmentable.

LEMMA 4.5. For every v € (0,1], every a > v, and every k € N with k > «, it
holds that Fy o1 € Fry.a-
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Proof. The monotonicity of F , ; immediately follows from the maximum in the
definition. To prove weak v-a-augmentability, let X € {S§,..., S5} and Y C U. We
define Y :=Y \ X. For better readability, we will write F':= F, 1.

First, consider the case that X C A. Then F(X) = 3 ,cjj.4,ex & because
h(0) = 0. Thus and because h(1) =1, for all y € Y’, we have

§i7 ify:ai € (Aﬁy/),
FXU{y}) - F(X) =4 11— a X icppasex &)s if y=bu,
0, else,

ie.,

V' [(max F(X U{y}) - F(X))

yeyY

> (X (FXu{yh - F(X))+

yeANY”’
1BNY’|( r%ax F(XU{y}) - F(X))

(4.7) (X &)+ Huyny)- |BﬂY’|7<1—aZ§Z)

i€[k]: i€[k]:
a; EANY’ a; €X
IfR([{b1} NY'[-|[BNY'|) < &, we use the fact that F(X) =3, (4.4,ex & to calculate

YF(XUY) - aF(X)

nea (MUBIOYLIBOYD () 5~ g

i€[k]:
a; EXU(ANY)

+ Z i)—aZ§z

a; e)éi[(]fé]l:mY) :zqeékX
= [Zaedn Y By (1-a Y 6]
i€kl
a;€X
=2y 0y BaYD) (Y &)+ - X &
aiéAﬂY' fék)]{
(48) < [%\{bl}ﬁYﬂ By |(1-a Y &)+ D &]+D
iclk]: i€lk]:
a;€X a;€ANY’

The first part of the last inequality follows from (4.5). The second part of the inequal-
ity follows from the fact that v € (0,1] and, for 2 > 0, we have $h(x) > 0. The last
part follows from the fact that v < o. Combining equations (4.7) and (4.8) together
with the fact that Y/ C Y yields weak y-a-augmentability.
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Otherwise, if (|{b1} NY’|- |BNY’|) > £ we have

h(|[{b1}NY’|-|1BNY’
k ‘
i€ [k]:
a; €EX
45 1 / ’
< E|{b1}ﬁy|'|BmY|*alz &
i€ [k]:
a; €X
|BI=k 1
< = . ! _ )
< ey Bny(1-a Y &)
i€[k]:
a;€X
(4.7

2 |Y’|(;Ig/>§F(XU {y}) - F(X)),

which yields y-a-augmentability also in this case.

Now, consider the case that X ¢ A. Then, by Proposition 4.4, we have
X =AU{by,....,b;} for some i € [k]. If i = k, ie, X = U, we have
YF(XUY)—aF(X)=(y—a)F(U) <0 and we are done. Thus, assume that i < k.
Because h is convex and non-decreasing on [0, k], we have

R+ |Y']) = h@) 1Y +3<I1B) A(|B)) — h(i)

o v = T
With
Huw@—>h&;Qh$”7
we have
H) = (- 1) 223 o

which yields

(4.10) H(i) > H(0) = k— = .

Combining this with (4.9), we obtain

[Y'|(h(i +1) — h(i)) 49 (|B] —i)(h(i+1) — h(3)) |Bl=k . (410)
e T e T R () 1) R

If h(@ + |Y']) < g, because h is increasing for positive values, we have
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h(i) < h(i+1) < h(i+ [Y']) < £. Thus, for every y € Y’, we have

. . k
VIO ) - F) = D=0 «36)

(4§1) fy( (Z+|};|) (1—0425])

o £ (U0
k

S W{W%W(l —aifj) +j§:5j}

-y

o[f20-03) + 3]

= AF(XUY)- aF(X).

If h(i) < h(i+1) < & < h(i 4 |Y]), then, for every y € Y, we have

YVI(F(X U{y}) - F(X))
(4.12) h(i +1Y']) h(i) -
> (VT_O‘Txl_aZEj)

. / k
_ ’yh(z—kTD/\) ](fl (1_042@) hz+|Y’ ij
=1

GHY ShR)=E p; Vd) h(i) k k
D[ (1 03+ S
(4.13) = YF(XUY) — aF(X).
If h(i) < £ < h(i+1) < h(i+|Y’]), then
(4.14) Zh(z +1)> % g =1,

which implies that, for every y € Y’, we have

. k
(4.15) F(XU{y}) = h(zlj L) @19 h( Z+ ) (1 faZ@) +) ¢
j=1
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This implies

. . k
YIFE U ) - o) 2 MDD (5

(4.11) y(h(i + |Y']) — h(7) -
S 7( - ) (1 — azlfj)

. N — ahli k
, ALV h<>(1_a;@)

(4.13)
ST AF(XUY) — aF(X).
If £ < (i) <h(i+1) < h(i+|Y']), then, for every y € Y, we have

h(i + 1) — h(i)

YI(F(XU{y}) - F(X)) = [Y| k
(4§1) v(h(i+ |3;|) — h(i))
> vﬂﬁgzﬂ_a%?

= yF(XUY) - aF(X),

i.e., also in all of these cases, F' is y-a-augmentable.

d

It is straightforward to bound the approximation ratio of the greedy algorithm

for F, o k-

PROPOSITION 4.6. The approximation ratio of the greedy algorithm for maximiz-

ing the function F o, with v € (0,1], « > v and k € N with k > «, is at least

a1
yl-(1—=3)k

Proof. We compare the objective values of the greedy solution S,? of size k and
the solution B, which also has size k. By Proposition 4.4, we have S& = A, and thus

k k—o k
Psg) =Py =Yg 1= L (ak )
=1
and .
h(k 5
P =t =g

Thus, the greedy algorithm has an approximation ratio of at least
F(Sp) . F(B) _ 1

F(S§) = F(S§) 71— (k)"

d

THEOREM 4.7. The approximation ratio of the greedy algorithm on the class .7:'%,JZ
of monotone, weakly v-a-augmentable functions, with v € (0,1] and o > =, is at least

[

e
e —1°

=22
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Proof. By Lemma 4.5, F, o1 € ‘7}%(1, and, by Proposition 4.6, the greedy algo-
rithm has an approximation ratio of at least %ﬁ for maximizing F), o . The
general lower bound follows, since

i 1 B 1 e®
o, k—a\k 1 —ea  ex_1°
> 1-(532) 0

It even turns out that, for v = 1, the function F, ,j is a-augmentable. This
allows to carry the lower bound over to the class F,.

PROPOSITION 4.8. For every a > 1, and every k € N with k > «, it holds
that Fl,oz,k € ./—"a.

Proof. By Lemma 4.5, F} o is monotone. Thus, it suffices to prove that the
function is a-augmentable. For better readability, we write F' := F} 5. Observe
that, if v = 1, we have h(z) =z for all z € R. Let X, Y CU and Y’ :=Y \ X.

If {1} N(XUY)|-|BN(XUY) for y € Y’, we have

FXU{y}) - F(X)

<&,

( W )6“ ify:aiEAﬂY/,
(4.16) (b3 ufu})] IBO(XL;{y})I [{b1}nX|-|BNX]|
(1= X ichpacanx &) ifye BNY'.

This yields

F(XUY) - aF(X)
S L U I R Sl

k ic[k]: i€[k]:
a; EAN(XUY) a; EAN(XUY)
b X|-|1BNnX
—o(IOABOX G s ) Y e
i€[k]: i€[k]:
a; EANX a; EANX
b XuY)- I BN XUuY)|—al{t1}nX|-|BNX
_ [I{l}ﬂ( uY")|-[BN( Lj{ )| —al{t}nX|-[BN |<1_a 3 5)
i€[k]:
a; EANX
b Ny . /
+[(1_‘{1}Q(XUY)]L |[BN(XUY") ) Z &} [1—04 Z &]
ajeef[llﬁﬂ” aleAﬂX
< [B0Y] mp {|{b1}m<xu{y}>|-|Bm<Xu{y}>\—|{b1}mX|- BN X
- yeBNY”’ k
{o} N X[-[BNX]|
T S RN (( L B S Y
i€lk]: iclk]:
a; EANX a; EANY’
PBOYI( max FXU{) ~ FOXO) + Y (FIXU{y)) — F(X))
yeANY’

< IY](max F(X U{y}) — F(XY)).

This establishes a-augmentability if [{b;} N (X UY)|-[BN(XUY)| < £,
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Consider the case that |[{b;} N X[-|BNX| < & < |{b}N(XUY)|- | BN(XUY)|.
If, for y € BNY’, we have [{b1} N (X U {y})|- BN (X U{y})| < £, then

FXU{y}) - F(X)

(426) {1} N (X U{y})[- [BO (X U{yp)| = [{br} 0 X]-[BNX]
= k (1—Oé Z fl)

i€lkl:a; EANX

and if
(4.17) {or} N (X U{ybl- BN (X U{y}) >§

for y € BNY’', we have

FX U{y}) - F(X)

R e AL (TP S B S

i€[k]:a; € ANX i€lk]:a; €ANX
@D [{b} N (X UfyPl-[BOX U{yh - {0 X|-[BNX]

- (1704 Z Ei).

i€[k]:a; €ANX

This means that, in either case, for y € BNY’, we have

FXU{y}) - F(X)
s ot n XU ph[- [BO X U{yh)| - [{ba} 0 X[ |B O X]

k
-(1 -« Z 52)

i€k]:
a; EANX

(4.18)

Since we consider [{b;} N X|[-|[BNX| < £ < |{t;}N(XUY)|-|BN(XUY)|, we have

(4.19) Y'NB#0
and
(4.20) bheXUY=XUY'"

This yields
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F(XUY) —aF(X)
BN (XUY')| _a(\{bl}ﬂX| |IBNX]| (1

> §z) > fi)

k k )
i€[k]: i€ [k]:
a; EANX a; EANX
- [BREU v ] - [MOXLIERN G s )]
i€[k]: i€[k]:
a; EANX a; EANX
R EAUESLE R, i i (T
k i€[k]: k i€[k]:
a;, EANX a; EANX
[BN(XUY")| N
= s A &
5 P
a; EANX

_[(|BOY/|_(|Bmyl‘_1))|{b1}ﬂX|-‘BﬁX| (1_

> )]

k
a;, EANX
|Bl=k,[{b:1}0X|<1 r| BN (X UY'
< [| (k )‘(l—a Z 57.):|
i€[k]:
a;, EANX
IBAY'|-[{bi} N X|-|[BNX|—(BNY'| - 1)|BNX]|
_ l—a > &
[ k < i€ [k]: )
a;, EANX
ABNX|+1—-|{b}nX]|- |BmX\
IBNY/| > a Y &)
i€[k]:
a; EANX
0y e (D010 XU D= b} 0X] 150X
yEBNY' k
‘(1*0 Z fz)}
i€[k]:
a; EANX
(4.18)
< IBOYI( max F(XU{y}) - F(X))

Thus, if [{b} N X|-[BNX|< £ < |{b}N(XUY)|-|BN (X UY)|, the function F
is a-augmentable.
If £ < |{b:} N X|-|[BNX]|, for y € Y, we have

0 ify=a;€ ANY’,
(421)  FXU{y}) - F(X)= {Bﬁ(XU{ygﬂ—BﬁXl ifyeBNY,

which yields
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F(XUY)—aF(x) = BOXUYOL  I1BOX]

k k
ozl [BN(XUY')| - [BNX]
- k
1BnY|
o k
Bn((XuU —|BNX
BAY| s BOXULDI-1BOX
yeBNY’ k
BN (X —|BNX
< Y| e BOXUDNI-IBOX]
yeBNY’ k

(420 [Y](max F(X U {y}) - F(X)).

This establishes a-augmentability if £ < [{b;} N X|-|BN X]|. O

Together with Proposition 4.6, this extends the lower bound of Theorem 2.7 to
all @ > 1 and thus proves Corollary 1.7.
With this, we can prove the second part of Theorem 1.5.

PROPOSITION 4.9. For every 7' € (0,1), o >+, a > 1 and k € N with k > o/,
it holds that Fyr o 1 & Fo. For every v,7',q € (0,1] and o > ', there exists k' € N
with k' > « such that Fy o )y € Foy U Fy.

Proof. For the first part, let 4’ € (0,1), o >+’ and k € N with k£ > o’. Further-
more, let X =@ and Y = B. For y € Y, we have

Forat d(X U 0D = Fy a0 o(X) = Fyraral{0}) € Pl {01}) = ¢

and, for any o > 1, we have

Fyo k(X UY) — aFy ok (X) _ Fy o k(B)

_1
Y] koo kY

>

El e

because 7" < 1. Thus, F,/ o/ 1 is not a-augmentable for any o > 1.
For the second part, let 4" € (0,1], @/ > +" and k € N with k& > «'. Furthermore,
let X =A=S5F and Y = B. For y € Y, we have

Ll sh,6) = H(5)" ity =,
0 else,

F'y’,a’,k(X U {y}> - F’Y’,a’7k(X) = {

and

)]

For k — oo, the (weak) submodularity ratio gets arbitrarily close to 0 because

k—a/\k
( k ) _O7
(k=

(1= (55"

Fv’,aﬂk(X U Y) - Fw',aﬁk(X) = F’vﬂa’,k(B) - F’y’,a/,k(A) =

1
?

lim Zyey (F’y’,a’,k(X U {y}) - F’y/,o/,k(X)) — lim
k—o0 sz’a/’k(X uyY) - F’y’,a’,k(X) koo

Q\‘»—A |

1
b
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ie., for k = k' large enough, F/ o j» ¢ f'y. It remains to show that F/ o & Fy. If
F., o 1 € Fq would hold, then there would be some independence system with weight
function w such that F,. ./ i was the associated weighted rank function. The fact
that F. o 1 ({b2}) = 0 implies that by must have weight 0 or {b5} is not independent,
and the fact that Fy o w({b1,b2}) — Fy ar i ({01}) = W > 0 implies that bo
must have a weight greater 0 and that {b2} has to be independent, which contradict
each other. Thus, F,/ o j» cannot be modelled as the weighted rank function of an
independence system, i.e., F\ o & Fy. O

Finally, we can extend Proposition 3.1 to all &« > 1 by combining the fact that,
by Proposition 4.8, for a > 1, {F1,ax |k € Nk > a} C F, and the fact that, by
Proposition 4.9, for every v,q € (0,1], {Fi,ax | k €Nk > a} € F, UF,.

PROPOSITION 4.10. For every v, q € (0,1], a > 1, it holds that Fo € (F, U F,).

4.2. y-a-Augmentability on Independence Systems. To tightly capture
the class F; of weighted rank functions on independence systems, we show a stronger
bound for the approximation ratio of the greedy algorithm on monotone, (weakly)
~v-a-augmentable functions. In particular, it was already shown in [2] that the ob-
jective function of a-DIMENSIONAL MATCHING is (exactly) a-augmentable, while the
greedy algorithm yields an approximation ratio of «, which beats the upper bound
of « - % for this case. We show that this can be explained by the fact that
a-DIMENSIONAL MATCHING can be represented via a weighted rank function over
an independence system. We first show the upper bound of Theorem 1.8.

ProrosiTION 4.11. Let Fig := qu(o 1] Fy be the set of weighted rank functions
on some independence system. The approzimation ratio of the greedy algorithm on
the class Fry.o N Fis is at most £, for every v € (0,1] and o > 7.

Proof. Let f € .7’:'%,JK N Fis, and let w: U — Rxo be the weight function that
induces f. We use induction over k. For k = 0, the statement holds obviously. Now
suppose, the statement holds for some k € [[U| —1]. If f(SF) > Zf(S;,,), then,
by monotonicity of f, we have f(S,?H) > f(SF) > 1 f(Si41). Otherwise, the weak
y-a-augmentability of f guarantees the existence of z € Si, | with

VF(SE U Sian) = af(SF) | vf(Siy) = af(SE)

> 0.
Sl - k+1

f(SEu{a}) — f(SF) >

By Lemma 4.1, this is equivalent to f(Sg U {z}) = f(S5) + w(z). We conclude

FSE) > f(S§u{a})
= f(SF) +w(z)

Lr(si) + w(e)
LISt \ ) + w(a)
Lr(St \ {eh) + Lu()

7f(S;+1)a

IVE

%

ol

VIV

Y
o=

i.e., the greedy algorithm has an approximation ratio of at most % 0
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The lower bound of Theorem 1.8 follows directly from the well-known tight bound
of 1/q for F.

ProrosIiTION 4.12. Let Fig := qu(o 1] Fy be the set of weighted rank functions
on some independence system. The approzimation ratio of the greedy algorithm on
the class Fr o N Fis is at least %, for every v € (0,1] and o > .

Proof. Let v € (0,1], a > v and ¢ € [2,1] N Q. In [15] it was shown that the
approximation ratio of the greedy algorithm on the set F; is exactly 1/¢. By definition
of Fig, we have F, C Fig, and, by Proposition 4.2, F, C ~%v/q C }:%a holds, where
we use the fact that % < Wia = «. Thus, we can conclude that the approximation

ratio of the greedy algorithm on the class ]:'%a N Fis is at least 1/¢, and since ¢ can

be chosen arbitrarily close to X, the statement follows. 0

a’?

It can be shown that the lower bound of Proposition 4.12 already holds for
y-a-augmentable functions, i.e., in the non-weak subclass of ]:",W. It follows that
the tight bound of Theorem 1.8 carries over to this, in some sense more natural, class
of functions. Since every a-augmentable function is 1-a-augmentable, and vice-versa,
we additionally obtain the following. Note that this tightly captures the perfomance
of the greedy algorithm for the a-DIMENSIONAL MATCHING problem, which can be
represented as the maximization of an a-augmentable weighted rank function over an
independence system [2].

COROLLARY 4.13. The approximation ratio of the greedy algorithm on the class
FaNFg, with a > 1, is exactly a.

5. Outlook. The vision guiding our work is to precisely characterize the set of
cardinality-constrained maximization problems for which the greedy algorithm yields
an approximation, and to tightly bound the corresponding approximation ratio.

In this paper, we have made progress towards this goal by unifying and gener-
alizing important classes of greedily approximable maximization problems, and by
providing tight bounds on the approximation ratio for the resulting generalized class
of problems. While this brings us closer to a full characterization, there are still
settings that are not captured by (weak) y-a-augmentability.

PROPOSITION 5.1. For v € (0,1] and o > ~y, there exists a monotone function
f7% that is not weakly v-a-augmentable, and for which the greedy algorithm computes
an optimum solution.

Proof. Let U be any ground set of size |U| > % and consider the objective function
f’y,a: 2V RZO with
freX) =[x P
For all X, Y C U with |Y| > %(Q\X\ +14+a|X]?) (%), eg, X =0 and |Y]| = L%J +1,
we have

Y (X u{y}) — f7(X) = [Y]E2IX]+1)

—
*
N>

WY P = aly]|XP?
YNXUYP —alX[?
= fTHXUY) - af (X)),

IN A

ie., f1* is not weakly y-a-augmentable. Yet, picking elements in any order is obvi-
ously optimal. Thus, there exists a problem that is not y-a-augmentable, but where
the greedy algorithm performs optimally. 0
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Remark 5.2. Objective functions as in the proof of Proposition 5.1 arise for ex-
ample in the context of incremental maximum flows on a complete bipartite graph
G = (UUV, E) where we want to incrementally grow subsets of U and of V such that
the flow from one of the subsets to the other (i.e., the cut size) is maximized.

We leave it as an open problem to find a natural generalization of weak ~-a-
augmentability that captures a larger set of greedily approximable objectives. The
challenge is to find a meaningful generalization in terms of a natural definition that
does not directly depend on the behavior of the greedy algorithm, but rather enforces
some structural property of the objective function. In that sense, the dependency

of weak vy-a-augmentability on the greedy solutions S§, ..., S,g is a significant flaw.

Note that we needed to introduce this dependency in order to encompass settings
with bounded (weak) submodularity ratios, since the definition of the latter depends
on the greedy solutions as well. Importantly, our upper bound on the approximation
ratio of the greedy algorithm carries over to the stronger notion of y-c-augmentability
that requires the defining property to hold for all sets X, and not just the greedy solu-
tions. Our tight lower bound does not immediately translate to this, more restrictive,
definition, and it remains an open problem to construct a tight lower bound in this
setting as well.
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