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Abstract. We consider the line search problem in a submodular polytope P(f) C R": Given an
arbitrary @ € R"™ and zo € P(f), compute max{d : zo + da € P(f)}. The use of the discrete Newton’s
algorithm for this line search problem is very natural, but no strongly polynomial bound on its number
of iterations was known [Iwata, 2008]. We solve this open problem by providing a quadratic bound of
n? + O(n log? n) on its number of iterations. Our result considerably improves upon the only other
known strongly polynomial time algorithm, which is based on Megiddo’s parametric search framework
and which requires O(n®) submodular function minimizations [Nagano, 2007]. As a by-product of our
study, we prove (tight) bounds on the length of chains of ring families and geometrically increasing
sequences of sets, which might be of independent interest.
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1 Introduction

Let f be a submodular function on V', where |V| = n. We often assume that V = [n] := {1,2,--- ,n}. Let
P(f)={z e R™ | z(S) < f(S) for all S C V}. The only assumption we make on f is that f(f) > 0 (otherwise
P(f) is empty). Given zo € P(f) (this condition can be verified by performing a single submodular function
minimization) and a € R"™, we would like to find the largest ¢ such that xo+da € P(f). For any vector b € R™
and any set S C V, it is convenient to use the notation b(S) := > g be. By considering the submodular
function f’ taking the value f/(S) = f(S) — 2(S) for any set S, we can equivalently find the largest § such
that da € P(f'). Since zp € P(f) we know that 0 € P(f’) and thus f’ is nonnegative. Thus, without loss of
generality, we consider the problem

0 = max{(S : Sr}nglgf(S) —da(S) > O} , (1)

for a nonnegative submodular function f.

Since g = 0 € P(f) we know that §* > 0 and that the minimum could be taken only over the sets S
with a(S) > 0, although we will not be using this fact. To make this problem nontrivial, we assume that
there exists some ¢ with a; > 0. Geometrically, the problem of finding §* is a line search problem. As we go
along the line segment £(0) = x¢ + da (or just da if we assume xg = 0), when do we exit the submodular
polyhedron P(f)? This is a basic subproblem needed in many algorithmic applications. For example, for
the algorithmic version of Carathéodory’s theorem (over any polytope), one typically performs a line search
from a vertex of the face being considered in a direction within the same face. This is, for example, also the
case for variants of the Frank-Wolfe algorithm (see for instance [Freund et al., 2015]).

A natural way to solve this line search problem is to use a cutting plane approach. Start with any upper
bound §; > 6* and define the point z(!) = §;a. One can then generate a most violated inequality for z(!),
where most violated means the one minimizing f(S) — d1a(S) over all sets S. The hyperplane corresponding
to a minimizing set S; intersects the line in #(?) = §ya. Proceeding analogously, we obtain a sequence of
points and eventually will reach the optimum §.

This cutting-plane approach is equivalent to Dinkelbach’s algorithm or the discrete Newton’s algo-
rithm for solving (1). At the risk of repeating ourselves, we let ; > ¢*. For example we could set ; =
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ming.q,~o0 f({¢})/a;. At iteration i > 1 of Newton’s algorithm, we consider the submodular function k;(S) =
f(S) = 6;a(S), and compute
h; = mSin ki (S),

and define S; to be any minimizer of k;(S). Now, let f; = f(S;) and ¢g; = a(S;). As long as h; < 0, we proceed
and set F

5i+1 = i
As soon as h; = 0, Newton’s algorithm terminates and we have that §* = §;. We give the full description of
the discrete Newton’s algorithm in Algorithm 1.

Algorithm 1: DISCRETE NEWTON’S ALGORITHM

input :submodular f: 2V — R, f nonnegative, a € R"
output: 6" = max {4 : ming f(S) — da(S) > 0}
i = 0,01 = minjev,aip>o F({i})/a({i});
repeat
=1+ 1;
hi = minsgv f(S) — 51a(5),
Si € argmingcy f(S) — dia(9);

Si).
dit1 = igsii’
until h; = 0;

Return 6* = §;.

When a > 0, it is known that Newton’s algorithm terminates in at most n iterations (for e.g. [Topkis, 1978]).
Even more, the function g(d) := ming f(S) — da(S) is a concave, piecewise affine function with at most n
breakpoints (and n + 1 affine segments) since for any set {d;};cr of & values, the submodular functions
f(S) = 6;a(S) for i € I form a sequence of strong quotients (ordered by the §;’s), and therefore the minimiz-
ers form a chain of sets. See [Iwata et al., 1997] for definitions of strong quotients and details.

When a is arbitrary (not necessarily nonnegative), little is known about the number of iterations of the
discrete Newton’s algorithm. The number of iterations can easily be bounded by the number of possible
distinct positive values of a(.S), but this is usually very weak (unless, for example, the support of a is small
as is the case in the calculation of exchange capacities). A weakly polynomial bound involving the sizes of the
submodular function values is easy to obtain, but no strongly polynomial bound was known, as mentioned
as an open question in [Nagano, 2007], [Iwata, 2008]. In this paper, we show that the number of iterations
is quadratic. This is the first strongly polynomial bound in the case of an arbitrary a.

Theorem 1. For any submodular function f : 2" — Ry and an arbitrary direction a, the discrete Newton’s
algorithm takes at most n? + O(nlog®(n)) iterations.

Previously, the only strongly polynomial algorithm to solve the line search problem in the case of an
arbitrary a € R™ was an algorithm of Nagano et al. [Nagano, 2007] relying on Megiddo’s parametric search
framework. This requires O(ng) submodular function minimizations, where O(ng) corresponds to the current
best running time known for fully combinatorial submodular function minimization [Iwata and Orlin, 2009].
On the other hand, our main result in Theorem 1 shows that the discrete Newton’s algorithm takes O(n?)
iterations, i.e. O(n?) submodular function minimizations, and we can use any submodular function mini-
mization algorithm. Each submodular function minimization can be computed, for example, in O(n4 +7n3)
time using a result of [Lee et al., 2015], where ~ is the time for an evaluation of the submodular function.

Radzik [Radzik, 1998] provides an analysis of the discrete Newton’s algorithm for the related problem of
max ¢ : minges b(S) — da(S) > 0 where both a and b are modular functions and S is an arbitrary collection
of sets. He shows that the number of iterations of the discrete Newton’s algorithm is at most O(n?log®(n)).
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Fig. 1. Illustration of Newton’s iterations and notation in Lemma 1.

Our analysis does not handle an arbitrary collection of sets, but generalizes his setting as it applies to the
more general case of submodular functions f. Note that considering submodular functions (as opposed to
modular functions) makes the problem considerably harder since the number of input parameters for modular
functions is only 2n, whereas in the case of submodular functions the input is exponential (we assume oracle
access for function evaluation).

Apart from the main result of bounding the number of iterations of the discrete Newton’s algorithm for
solving maxd : ming f(S) — da(S) > 0 in Section 3, we prove results on ring families (set families closed
under taking intersections and unions) and geometrically increasing sequences of sets, which may be of
independent interest. As part of the proof of Theorem 1, we first show a tight (quadratic) bound on the
length of a sequence T7,--- , T} of sets such that no set in the sequence belongs to the smallest ring family
generated by the previous sets (Section 2). Further, one of the key ideas in the proof of Theorem 1 is to
consider a sequence of sets (each set corresponds to an iteration in the discrete Newton’s algorithm) such
that the value of a submodular function on these sets increases geometrically. We show a quadratic bound
on the length of such sequences for any submodular function and construct two (related) examples to show
that this bound is tight, in Section 4. Interestingly, one of these examples is a construction of intervals and
the other example is a weighted directed graph where the cut function already gives such a sequence of sets.

2 Ring families

A ring family R C 2V is a family of sets closed under taking unions and intersections. From Birkhoff’s
representation theorem, we can associate to a ring family a directed graph D = (V, E) in the following way.
Let A= \ger Rand B =z R Let E={(i,j) | R€ R,i € R=j € R}. Then for any R € R, we have
that (i) A C R, (ii)) R C B and (iii) 6" (R) = {(i,j) € F | i € R,j ¢ R} = (). But, conversely, any set R
satisfying (i), (ii) and (iii) must be in R. Indeed, for any ¢ # j with (4, j) ¢ E, there must be a set U;; € R
with ¢ € U;; and j ¢ U;;. To show that a set R satisfying (i), (ii) and (iii) is in R, it suffices to observe that

R = U m Uij, (2)

i€Rj¢R

and therefore R belongs to the ring family.



Given a collection of sets 7 C 2V, we define R(T) to be the smallest ring family containing 7. The
directed graph representation of this ring family can be obtained by defining A, B and FE directly from
7 rather than from the larger R(7), i.e. A = Nger R = Ngerrn B B = Urer B = Uper(r) It and
E={(i,j) | Re T,i € R= j € R}. Further, in the expression (2) of any set R € R(T), we can use sets
UjeT.

Given a sequence of subsets T7,--- , T of V, define £; := R({T,---,T;}) for 1 < i < k. Assume that
for each i > 1, we have that T; ¢ £;_1. We should emphasize that this condition depends on the ordering
of the sets, and not just on this collection of sets. For instance, {1}, {1,2},{2} is a valid ordering whereas
{1},{2},{1,2} is not. We have thus a chain of ring families: £, C L3 C --- C L, where all the containments
are proper. The question is how large can k be, and the next theorem shows that it can be at most quadratic
in n.

Theorem 2. Consider a chain of ring families, Lo = 0 # L1 C Lo € --+ C Ly within 2V with n = |V|.
Then
1
k< (n; ) + 1.

Before proving this theorem, we show that the bound on the number of sets is tight.

Ezample 1. Let V.= {1,--- ,n}. For each 1 < i < j < n, consider intervals [i,j] = {k € V | i < k < j}.
Add also the empty set () as the trivial interval [0,0] (as 0 ¢ V). We have just defined k = ("}") + 1 sets.
Define a complete order on these intervals in the following way: (i,7) < (s,t) if j < tor (j =t and i < s).
We claim that if we consider these intervals in the order given by <, we satisfy the main assumption of the
theorem that [s,t] ¢ R(Ts) where Tge = {[i,5] | (¢,7) < (s,t)}. Indeed, for s = 1 and any ¢, we have that
(1,t] ¢ R(Twt) since Useq:, I = [1,t = 1] 7 [1,t]. On the other hand, for s > 1 and any ¢, we have that
[s,t] &€ R(Tst) since for all I € T, we have (¢t € I = s — 1 € I) while this is not the case for [s, t].

Proof. For each 1 < i <k, let T; € L; \ L;—1. We can assume that £; = R({T1,---T;}) (otherwise a longer
chain of ring families can be constructed). If none of the T;’s is the empty set, we can increase the length of
the chain by considering (the ring families generated by) the sequence (), T}, Ts, - - - , Tk. Similarly if V' is not
among the T;’s, we can add V either in first or second position in the sequence. So we can assume that the
sequence has Ty = and To =V, i.e. £1 = {0} and Lo = {0, V}.

When considering Lo, its digraph representation has A = (), B = V and the directed graph D = (V, F)
is the bidirected complete graph on V. To show a weaker bound of k < 2 4+ n(n — 1) is easy: every T; we
consider in the sequence will remove at least one arc of this digraph and no arc will get added.

To show the stronger bound in the statement of the theorem, consider the digraph D’ obtained from
D by contracting every strongly connected component of D and discarding all but one copy of (possibly)
multiple arcs between two vertices of D’. We keep track of two parameters of D’: s is its number of vertices
and a is its the number of arcs. Initially, when considering L5, we have s = 1 strongly connected component
and D’ has no arc: a = 0. Every T; we consider will either keep the same strongly connected components in
D (i.e. same vertices in D’) and remove (at least) one arc from D', or will break up at least one strongly
connected component in D (i.e. increases vertices in D’). In the latter case, we can assume that only one
strongly connected component is broken up into two strongly connected components and the number of
arcs added is at most s since this newly formed connected component may have a single arc to every other
strongly connected component. Thus, in the worst case, we move either from a digraph D’ with parameters
(s,a) to one with (s,a—1) or from (s, a) to (s+1,a+ s). By induction, we claim that if the original one has
parameters (s,a) then the number of steps before reaching the digraph on V' with no arcs with parameters

(n,0) is at most
ot n+1y [(s+1
2 2 )



Indeed, this trivially holds by induction for any step (s,a) — (s,a — 1) and it also holds for any step
(s,a) = (s+1,a + s) since:

n+1 s+ 2 n+1 s+1
- 1= . .
As the digraph corresponding to £ has parameters (1,0), we obtain that £ < 2+ ("3') —1= ("I +1. O

3 Analysis of the discrete Newton’s algorithm

To prove Theorem 1, we start by recalling Radzik’s analysis of Newton’s algorithm for the case of modular
functions ([Radzik, 1998]). First of all, the discrete Newton’s algorithm, as stated in Algorithm 1 for solving
max d : mingcy f(S) — da(S) > 0 terminates. Recall that h; = mingcy f(S) — d;a(S), S; € argming f(S) —
0;a(S), g; = a(S;) and ;41 = ﬂgg Let f; = f(S;) and g; = a(S;). Figure 1 illustrates the discrete Newton’s
algorithm and the notation.

Lemma 1. Newton’s algorithm as described in Algorithm 1 terminates in a finite number of steps t and
generate sequences:

(Z) hi <hg <---<hi_q <ht:0,
(it) 61 > 0o > -+ > 041 > 0y = 0* >0,
(i11) g1 > ga > -+ > gi—1 > g > 0.
Furthermore, if g. > 0 then 6* = 0.
The first proof of the above lemma is often attributed to [McCormick and Ervolina, 1994] and is omitted

for conciseness. As in Radzik’s analysis, we use the following lemma, illustrated in Figure 2, and we reproduce
here its proof.

— hj/gi—

h,
higi-ij-ll Jdi

pp——

Fig. 2. Illustration for showing that h;4y1 + hig;# < h;, as in Lemma 2.

Lemma 2. For any i < t, we have % + gf’g—ﬂ <1
Proof. By definition of S;, we have that

hi = f(Si) — 0ia(S;) = fi — 0igi < f(Six1) — 6ia(Sit1) = fir1 — digit1

. B .
= hjy1 + §Qi+1 — %gz#l = hit1 + higH .
T

(2 3

Since h; < 0, dividing by h; gives the statement. a



Thus, in every iteration, either g; or h; decreases by a constant factor smaller than 1. We can thus
partition the iterations into two types, for example as

i 2
J {Z|g+1§}
9i 3

and Jp, = {i ¢ J,}. Observe that ¢ € Jj, implies h

< . We first bound |Jy| as was done in [Radzik, 1998].
Lemma 3. |J,;| = O(nlogn).

Proof sketch. Let J, = {i1,42,--- ,ix} and let T; = S;,. From the monotonicity of g, these sets T} are such
that a(Tj41) < 2a(T}). These can be viewed as linear inequalities with small coefficients involving the a;’s,
and by normalizing and taking an extreme point of this polytope, Goemans (see [Radzik, 1998]) has shown
that the number & of such sets is O(nlogn).

Although we do not need this for the analysis, the bound of O(nlogn) on the number of geometrically
decreasing sets defined on n numbers is tight, as was shown by Mikael Goldmann in 1993 by an intricate
construction based on a Fourier-analytic approach of Hastad [Hastad, 1994]. As this was never published, we
include (a variant of) this construction here. The reader is welcome to skip directly to Section 3.1 without
break in continuity.

Theorem 3. Let n be a power of 2. Then there exists a € R™ and a sequence of sets {Si}icp) with a(S1) >0
and a(S;) > 2a(S;—1) fori > 1 where k = inlogyn — O(nloglogn).

Proof. Let m be such that n = 2™. Consider all 2™ subsets of [m] and order them as ay, s, -, ay, such
that |a;| < |o;] for ¢ < j. Thus, a; = 0 and o, = [m]. We say a; < «; if i < j. Consider the n x n Hadamard
matrix @ in which the ith row and column are indexed by subset «; of [m] and

qij = (*U‘amaﬂ-

Q is invertible and Q™! = %Q Set by = 0 and b; = 2™ for i > 1. Now, let a € R™ be the solution to Qa = b.
We claim that there is a sequence of sets of length %nm + O(nloglogn) = %nlogn + O(nloglogn) whose
a(-) values increase geometrically by a factor of 2.

First, observe that ¢;; = 1 for all j and thus a([n]) = 0. This means that if we have a r € {—1,1}" such
that (r,a) = p then a(S) = § where S = {i|lr; = 1} C [n]. Thus we focus on constructing a sequence of
vectors r € {—1,1}" whose inner product with a increases geometrically. We already have n — 1 such vectors,
namely the rows ¢; € {—1,1}" of Q for i > 1: (g;,a) = 2™.

Now, for each i > 1, we show how to construct +1 vectors v such that 2™~ < (v, a) < 2™ and whose
a values increase geometrically. We will be able to construct one such set for almost all values between 1 and
|oi]. Fix @ > 1 and let k = |«;|. For any £ with 1 < ¢ < k — 2, consider a set a, C «; of cardinality £. Define

the vector
[
w® = Z Qu.
uiop, Cog Carg

Its jth component is:

N SR T S R S GRSV e A

u:ahzgaugai u:ahzgaugai U:Qp, Ca,Cay
(0 if (o \ an,) Ny =10
Qk—é(_l)lahz”a” otherwise

Now consider v(©) = 21=(=0 () _ ¢, We claim this is a &1 vector. Its jth component is equal to —qnj €
{—1,1} if (a4 \ o) Nvj = 0 and, otherwise, is equal to

2(_1)|ah£ﬁo¢j\ _ (_1)‘@;Lzﬂ0{j| — (_1)‘(1}%004” c {_17 1}



Now for this vector v(®) (corresponding to a given pair ap, C «;), we have:

WD, a) = 21=F=0 1O gy _ (g a) = 21~ (k=0 > bu| = bn,. (3)

wian, CauCas

Now the b;’s increase geometrically with j. In the summation (with 2*=¢ terms), the dominant one will be
b; = 2™, and as a first approximation, we have that (v(), a) is roughly 2"+~ +¢ and therefore they appear
to be between b;_; and b;, and increase appropriately by a factor 2. Unfortunately, lower terms matter and,
therefore, we need to select carefully the indices hy’s.

A simple construction of these sets {ay, } is as follows. Let f = [log, k]. For any f < ¢ < k— f, let ay,, be
such that (i) ap, N[f] has as characteristic vector the f-bit representation of k — f — ¢ and (ii) the elements
in ap, N ([k] \ [f]) are chosen arbitrarily so that |ap,| = €. Observe that (i) is possible for all f < /¢ <k — f
since k — f —¢ < k —2f <2/ — 1 and therefore k — f — £ can be represented by f bits. And (ii) is feasible
as well by our choice of ¢. We have just constructed k —2f +1 > k — 2log, (k) — 1 sets.

One can show (proof omitted for space considerations) that, for such a choice of {ay,}, we have for
f<t<k—f D a) > 200 a).

The number of vectors/sets we have constructed this way is therefore at least:

“ 1 1
3 <7Z) (k — 2log, (k) — 1) > %Tﬂ — 2logy(m)2" — 2" = nlogy(n) — O(nloglog(n)),
k=0
and this completes the proof. a

3.1 Weaker upper bound

Before deriving the bound of O(n?) on |Jy| + |J;| for Theorem 1, we show how to derive a weaker bound
of O(n?logn). For showing the O(n?logn) bound, first consider a block of consecutive iterations [u,v] :=
{u,u+1,-- v} within Jp.

Theorem 4. Let [u,v] C Jp,. Then |[u,v]| <n?+n+ 1.
The strategy of the proof is to show (i) that, for the submodular function k,(S) = f(S) — dya(S), the
values of k,(S;) for i € [u,v — 1] form a geometrically decreasing series (Lemma 4), (ii) that each S; cannot

be in the ring family generated by S;y1,...,S,—1 (Lemma 5 and Theorem 5), and (iii) then conclude using
our Theorem 2 on the length of a chain of ring families.

Lemma 4. Let [u,v] C Jy. Then for k,(S) = f(S) — d,a(S), we have (i) k,(S,) = ming k,(S) = hy, (i)
ky(Sy—1) =0, (iii) ky(Sy—2) > 2|hy| and (iv) ky(Si—1) > 2ky(S;) fori € [u+1,v —1].

Proof. Since g;% > % for all ¢ € [u,v], Lemma 2 implies that hhfl < %, and thus
it < 1 lhil
git1 2 g
Since ;41 — §; = gﬁ — % = % We deduce that
hiv1 1
Oit1 — iy = — 9%11 < 5(51' —0i+1), (4)
1

for all ¢ € [u,v]. Now, observe that for any i € [u,v — 2], we have

v—1 v—1
1 1 1
dit1 — 0y = E Ok — 01 < 3 E (Op—1 — 0) = 3 (0; —dp—1) < 3 (0; — dy) .
k=i+1 k=i+1



Thus i
dit1 — 0y < 3 (0i — 0w) (5)

and we can even extend the range of validity to ¢ € [u,v] since for ¢ = v — 1 or ¢ = v, this follows from
Lemma 1.

Consider the submodular function k,(S) = f(S)—d,a(S). We have denoted its minimum value by h, < 0
and S, is one of its minimizers. For each i € [u,v — 1] we have

ko(Si) = fi = 6vgi = 9i(8it1 — 0v),
and therefore k,(S,—1) = 0 while k,(S;) > 0 for ¢ € [u,v — 2]. Furthermore, (5) implies that

1 g 1 1
ko (Si) = gi(div1 — du) 29?71 i—1(0; — 6y) < 591'—1(51' —8y) = 5’%(51—1)7

and this is valid for ¢ € [u,v — 1]. Thus the k,(S;)’s decrease geometrically with increasing 7. In addition, we
have k,(Sy—2) = gy—2(dp—1 — 0,) while (by (4) and Lemma 1)

1 1
*kv(sv) = ‘hvl =—hy = gv((sv - 5v+1) < 591}—2(6@—1 - 51}) = ikU(S’U—Q)'

Summarizing, we have k,(S,) = ming k,(S) = hy, ky(Sp—1) = 0, ky(Sy—2) > 2]hy| and k,(S;—1) >
2k, (S;) for i € [u,v — 1]. |

We now show that for any submodular function and any ring family on the same ground set, the values
attained by the submodular function cannot increase much when the ring family is increased to the smallest
ring family including a single additional set. This lemma follows from the submodularity of f and Birkhoff’s
representation theorem for subsets contained in a ring family.

Lemma 5. Let f : 2 — R be a submodular function with fm, = mingcy f(S) < 0. Let £ be any ring
family over V- and T ¢ L. Define L :=R(LU{T}), m = maxger f(S) and m’ = maxgerr f(S). Then

m/ < 2(m - fmzn) + f(T)

Proof. Consider S € L'. Using (2), we can express S as S = | J;cg Si where S; can be either (i) T, or (ii) R
for some R € L, or (iii) RNT for some R € L. Taking the union of the sets R of type (ii), resp. (iii), into P,
resp. @, we can express S as S=PUT oras S =PU(QNT) where P,Q € L (since the existence of any
case (i) annihilates the need for case (iii)).

Now using submodularity, we obtain that

f(PUT) < f(P)+ f(T) = f(PNT) <m+ f(T) = frmin,

in the first case and

fPu@nT)) < f(P)+f(@NT) - f(PNQNT)
< f(P)+ (Q) HT) = f(QUT) - f(PNQNT)
<2m

In either case, we get the desired bound on f(S) for any S € R’. O

We will now use the bound in Lemma 5 to show that if a sequence of sets increases in their submodular
function value by a factor of 4, then any set in the sequence is not contained in the ring family generated by
the previous sets.

Theorem 5. Let f: 2V — R be a submodular function with fmin = mingcy f(S) < 0. Consider a sequence
of distinct sets Th,To,--- , Ty such that f(Th) = fomin, [(T2) > —2fmin, and f(T3) > 4f(T;—1) for 3 < i <gq.
Then T; ¢ R({T1,--- ,Ti—1}) for all1 <i <q.



Proof. This is certainly true for ¢ = 2. For any ¢ > 1, define £, = R({T},---,T;}) and m; = maxger, f(S).
We know that my = fin < 0 and mo = f(T») since Ty NT, and T3 U T, cannot have larger f values than
T by submodularity of f and minimality of T;.

We claim by induction that my < 2f(Tx) + 2fmin for any k& > 2. This is true for k = 2 since my =
f(T2) < 2f(T3) + 2 fmin. Assume the induction claim to be true for k — 1.

We get that my_1 < 2f(Tk,1) + 2 fmin < 4f(Tk,1). Since f(Tk) >me_1, 1k ¢ Lr_1= R(Tl, <o 7Tk71)~
Using Lemma 5, we get that

my < 2(mrp—1 — fmin) + f(Tk)
< 2f(Tk) + 2fmin-

Thus proving the induction step for k, and hence the statement of the theorem. a

We are now ready to prove Theorem 4.

Proof. (of Theorem 4) Apply Theorem 5 to the submodular function k, given in Lemma 4. Let Ty = S,
and skip every other set to define T; = S, _5;;—1) for v —2(i = 1) > wie i < q:= 1+ (v —u)/2. Then

the conditions of Theorem 5 are satisfied (thanks to Lemma 4), and we obtain a sequence of sets T, - - - , Ty
such that T; ¢ R(T1, -+ ,T;—1). Therefore, Theorem 2 on the length of a chain of ring families implies that
g < (") +1, or v —u < (n+ 1)n. This means |[u,v]| < n? +n+ 1. |

Since Lemma 3 shows that |J;| = O(nlogn) and we know from Theorem 4 that the intervals between
two indices of .J; have length O(n?), this implies that |Jy| 4 |J5| = O(nlogn) - O(n?) = O(n®logn).

3.2 Main Result of Theorem 1

The analysis of Theorem 4 can be improved by showing that we can extract a chain of ring families not just
from one interval of J;, but from all of J;. Instead of discarding every other set in J;,, we also need to discard
the first O(logn) sets in every interval of Jy,. This helps prove the main result of the paper that bounds the
number of iterations in the discrete Newton’s algorithm by at most n? + O(n log? n).

Theorem 6. We have |.J,| = n? + O(nlog®n).

Before proving this, we need a variant of Lemma 5. The proof of the lemma again follows from the
submodularity of f and Birkhoff’s representation theorem for subsets contained in a ring family.

Lemma 6. Let T C 2V and assume that f(S) < M for all S € T. Then for all S € R(T)

n2

4
Proof. Consider any S € R(T). We know that S = {J;c5(;¢5 Uij, for some U;; € T. Define S; = (45 Uiy;
thus S = (J;cg Si-

We first claim that, for any k sets Ty, 15, - , Tk € T, we have that

f(8) < — (M — finin).

k

ST < kM = (k= 1) fin.

i=1
This is proved by induction on k, the base case of k = 1 being true by our assumption on f. Indeed, applying

submodularity to P = ﬂf:_ll T; and T} (and the inductive hypothesis), we get

k
f(m Tl) = f(PmTk) < f(P)+f(Tk)_f(PUTk) < (k_l)M_(k_Q)fnLin+M_f7rzin = k'M_(k_l)fmin-

=1



Using this claim, we get that for any ¢ € .S, we have

F(S0) = F((Y Uip) S IVASIM = (VS| = 1) frnin < [V\S|(M = frnin).
jgs
By a similar argument on the union of the S;’s, we derive that
FS) SISV A SIM = (IV\ S| = 1) fmin)) = (IS] = 1) fonin
< ISV ASIM = (IS[IV A\ S| = 1) frmin

2

<
— 4

We are now ready to prove Theorem 6.

Proof. (of Theorem 6.) Let J, = Ule[ui, v;] where u;_1 > v; + 1 for 1 < i < £. Notice that these intervals

are ordered in a reverse order (compared to the natural ordering). We construct a sequence of sets 17, - - -
such that each set in the sequence is not in the ring closure of the previous ones. The first sets are just every
other set .S; from [u1, v1] obtained as before by using Theorem 5 and Lemma 4 with the submodular function
kv, . Let 71 denote this sequence of sets.

Suppose now we have already considered the intervals [u;,v;] for j < ¢ and have extracted a (long)
sequence of sets 7;_1 such that each set in the sequence is not in the ring closure of the previous ones.
Consider now the submodular function f := k,,, and let f,,;, < 0 be its minimum value. Notice that from
the order of iterations in the discrete Newton’s algorithm we have that f(T) < 0 for T' € T;_1. Therefore by
Lemma 6 with M = 0 we have that f(S5) < 7”72fm,;n for all S € R(T;—1). Using Lemma 4 with f = k,,,
we have that only sets Sy with k > v; — log(n?/4) could possibly be in R(7;_1), and therefore we can safely
add to 7;_1 every other set in [u;,v;_o(i0gn)] While maintaining the property that every set is not in the
ring closure of the previous ones. Over all 7, we have thus constructed a chain of ring families of length
£|Jn| — O(logn)¢ = 1|Ji| — O(log n)|J,4|. The theorem now follows from Lemma 3 and Theorem 2. O

Finally, combining Theorem 6 and Lemma 3 proves Theorem 1.

Proof. (of Theorem 1.) In every iteration of discrete Newton’s algorithm, either g; or h; decreases by

constant factor smaller than 1. Thus, the iterations can be partitioned into two types J, = {z \ gig# < %}
and Jy, = {i ¢ J,}. Lemma 3 shows that |.J;| = O(nlogn) and Theorem 6 shows that |.J,| = n?+O(nlog? n).
Thus, the total number of iterations is n2 + O(n log®n). O

4 Geometrically Increasing Sequences

In the proof for Theorem 1, we considered a sequence of sets Sy, --- , Sk such that f(S;) > 4f(S;—1) for all
i < k for a submodular function f. In the special case when f is modular, we know that the maximum length
of such a sequence is at most O(nlogn) (Lemma 3). When f is submodular, we show that the maximum
length is at most ("'QH) +1 by applying Theorem 2 to Theorem 5. In this section, we show that the bound for
the submodular case is tight by constructing two related examples: one that uses interval sets of the ground
set {1,---,n}, and the other that assigns weights to arcs in a directed graph such that the cut function

already gives such a sequence of quadratic (in the number of vertices) number of sets.

4.1 Interval Submodular Functions

In this section, we show that the bound for the submodular case is tight by constructing a sequence of
(";1) +1sets 0, S, - ,S(n+1) for a nonnegative submodular function f, such that f(S;) = 4f(S;—1) for all
2

i< (")

10



For each 1 < i < j < n, consider intervals [¢,j] = {k | ¢ < k < j} and let the set of all intervals be
Z = U, ;{[i, 5]} Let [i,j] = 0 whenever i > j. Consider a set function f : Z — Ry such that f() = 0. We
say f is submodular on intervals if for any S, T € 7 such that SUT € Z and SNT € Z, we have

fS)+ (1) = f(SUT) + f(SNT).

Lemma 7. Let 7 and k be monotonically increasing, nonnegative functions on the set [n|, then f defined by
f([,4]) = 7()k(j) is submodular on intervals.

Proof. Consider two intervals S and T. The statement follows trivially if S C T, so consider this is not the
case. Let S = [s;,s;] and T = [t;,t;] and assume w.l.o.g that s; > ¢;.
i. Case SNT # (). This implies t; < s; and s; < t; < s;. In this case, f(S)+ f(T)— f(SNT)— f(SUT) =
T(si)r(s;) +7(to)k(ty) — 7(s0)k(t;) — 7(ti)r(s;) = (7(si) — 7(t:)) (k(s5) — K(t;)) = 0.
ii. Case SNT =0, SUT = [t;, s;]. In this case, f(S)+ f(T)—f(SUT) = 7(s;)k(s;)+7(t:)k(t;)—7(t:)k(s;) >
k(s5)(7(si) = 7(t:)) = 0. O

We show that one can extend any function that is submodular on intervals to a submodular function
(defined over the ground set). This construction is general, and might be of independent interest. For any set
S C V, define Z(S) to be the set of maximum intervals contained in S. For example, for S = {1,2,3,6,9,10},

I(S) - {[173]3 [676]7 [9, 10]}

Lemma 8. Consider a set function f defined over intervals such that (i) f(0) = 0, (%) f([i,j]) > 0 for
interval [i, 7], (i) for any S,T € T such that SNT,SUT € Z, f(S)+ f(T) > f(SUT)+ f(SNT). Then,
9(S) = Xrez(s) f(1) is submodular over the ground set {1,...,n}.

Proof. We will show that g is submodular by proving that for any 7' C S and any k ¢ S, g(SU{k}) —g(S) <
g(T'U{k}) — g(T). Let the marginal gain obtained by adding k to S be g;(S) = g(S U {k}) — g(5).

Note that Z(SUk)\ Z(S) can either contain (i) [s, k], for some s < k, or (ii) [k, u], for some u > k, or (iii)
[s,u] for s <k < u. In case (i), gr(S) = f([s, k]) — f([s,k — 1]); in case (ii), gr(S) = f([k,u]) — f([k + 1, u]);
and in case (iii), gx(S) = f([s,u]) — f([s,k — 1]) — f([k + 1, u]). Thus, when comparing the values of gi(S)
and g (T), we are only concerned with intervals that are modified due to the addition of k.

Let S U {k} contain the interval [s,k — 1] U {k} U [k + 1,u] and T U {k} contain the interval [t,k — 1] U
{k}U[k+1,v] where s <t,v<wu(asT C S)and s <k <u (s =k implies [s,k — 1] = 0 and u = k implies
that [k + 1,u) =0) and ¢ < k <wv (t = k implies [t,k — 1] = () and v = k implies that [k + 1,v] = ().

(SU{k}) —g(S) —g(T U {k}) +9(T)

= fls,ul) = fls, k = 1)) = f([k + L)) = (f([t,0]) = f([t, = 1]) = f([k +1,0])

= f(s,u]) = Fls, k = 1]) = f((k + L)) = F([t, 0]) + f([t, k= 1) + f([F+1,0])

< flsul) = f([s, k = 1)) = F([k + Lo]) = f([t,u]) + f([t k= 1)) + f([k +1,0]) (6)

= f(ls,u]) = f(ls, k = 1]) = f([t, u]) + F([t, k= 1]) <0. (7)
where (6) follows from submodularity of f on intervals [k + 1,u] and [¢,v], i.e., f([k + 1,u]) + f([t,v]) >
F([t,u]) + f([k + 1,v]), and (7) follows from submodularity of f on intervals [s k — 1] and [¢, u]. |

Construction. Consider the function f([i,j]) = 479 4 for [i, ] € Z, obtained by setting 7(i) = 4°

and x(j) = 4" This is submodular on intervals from Lemma 7. This function defined on intervals can
be extended to a submodular function g by Lemma 8. Consider the total order < defined on intervals [i, 5]
specified in example 1 (Section 2). By our choice of 7 and k we have that S < T implies 4¢(S) < g(T). The
submodular function g thus contains a sequence of length ("'H) + 1 of sets that increase geometrically in
their function values.
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4.2 Cut functions

The example from the previous section and Birkhoff’s representation theorem motivates a construction of a
complete directed graph G = (V, A) (|V| = n) and a weight vector w € R‘f‘ such that there exists a sequence
of m = (}) sets 0,51, , Sy CV that has w(6(Sk)) > 4w(6+(Sk_1)) for all k > 2.

Construction. The sets S; are all intervals of [n—1], and are ordered by the complete order < as defined
previously. One can verify that the kth set Sy in the sequence is Sy, = [¢, j] where k =i+ j(j — 1)/2.

Note that, if 7 > 1, for each interval [, j], arc e; ; := (j,i — 1) € 67 ([¢,4]) and (j,i — 1) ¢ 6% ([s,t]) for
any (s,t) < (i,7). For any interval [1, ], arc e j := (j,j + 1) € 67 ([1,4]) and (4,7 + 1) ¢ 6% ([s,¢]) for any
(s,t) < (1, 7). Define arc weights w by w(e; ;) = 577U ~1/2_ Thus, the arcs e; ; corresponding to the intervals
[i,] increase in weight by a factor of 5. We claim that w(d%(Sk)) > 4w(6T(Sk_1)). This is true because
426511:(s,t)<(i,j) w(esyt) < ’11)(61'7]').

5 Open Question

In this paper, we showed an O(n?) bound on the number of iterations of the discrete Newton’s algorithm
for the problem of finding max¢ : ming f(S) — da(S) > 0 for an arbitrary direction a € R™. Even though
we showed that certain parts of our analysis were tight, we do not know whether this bound is tight.
More fundamentally, we know little about the number of breakpoints of the piecewise linear function g(d) =
ming f(S)—da(S) in the case of an arbitrary direction a. Our results do not imply anything on this number of
breakpoints, and this number could still be quadratic, exponential or even linear. In the simpler, nonnegative
setting a € R”}, it is not just that the discrete Newton’s algorithm takes at most n iterations, but it is also the
case that the number of breakpoints of the lower envelope is at most n (by the property of strong quotients).
On the other hand, there exist instances of parametric minimum s — ¢ cut problems where the minimum cut
value has an exponential number of breakpoints [Mulmuley, 1999]. However, this corresponds to the more
general problem ming f(S) — da(S) where f(-) is submodular but the function a(-) is not modular (and not
even supermodular or submodular as the slopes of the parametric capacities can be positive or negative).
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