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Abstract

There exist several general techniques in the literature for speeding up
naive implementations of dynamic programming. Two of the best known
are the Knuth-Yao quadrangle inequality speedup and the SMAWK algo-
rithm for finding the row-minima of totally monotone matrices. Although
both of these techniques use a quadrangle inequality and seem similar they
are actually quite different and have been used differently in the literature.

In this paper we show that the Knuth-Yao technique is actually a direct
consequence of total monotonicity. As well as providing new derivations
of the Knuth-Yao result, this also permits to solve the Knuth-Yao prob-
lem directly using the SMAWK algorithm. Another consequence of this
approach is a method for solving online versions of problems with the
Knuth-Yao property. The online algorithms given here are asymptotically
as fast as the best previously known static ones. For example, the Knuth-
Yao technique speeds up the standard dynamic program for finding the
optimal binary search tree of n elements from ©(n?®) down to O(n?), and
the results in this paper allow construction of an optimal binary search
tree in an online fashion (adding a node to the left or the right of the
current nodes at each step) in O(n) time per step.

1 Introduction

1.1 History

The construction of optimal binary search trees is a classic optimization prob-
lem. We have n search keys with known order Key, < Key, < --- < Key,,. The
input is 2n + 1 weights (probabilities) p1,...,p, and qo,q1,...,¢,. The value
of p; is the weight that a search is for the value of Key;; such a search is called
successful. The value of ¢; is the weight that a search is for a value between
Key;, and Key;,  (we set Key, = —oo and Key,,, | = 00); such a search is called
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unsuccessful. Note that we use weight instead of probability, so that the p; and
q; are not required to add up to 1.

The binary search tree we construct will have n internal nodes corresponding
to the successful searches, and n + 1 leaves corresponding to the unsuccessful
searches. The depth of a node is the number of edges from the node to the root.
Let d(p;) denote the depth of the internal node corresponding to p;, and d(q;)
the depth of the leaf corresponding to ¢;. A successful search requires 1+ d(p;)
comparisons, and an unsuccessful search requires d(q;) comparisons. So, the
expected number of comparisons is

Yo p+dp))+ > ada) (1)

1<i<n 0<i<n

The goal is to construct an optimal binary search tree that minimizes (1).
It is not hard to see that this problem reduces to solving the following
recurrence:

0 if i = j;

B — J J ‘ o
" Z b +ZQI +lgltl<nj (Bit—1+ By j), ifi<y,
l=i+1 =1 =

(2)

where the cost of the optimal binary search tree is Bp,. The naive way of
calculating B; ; requires ©(j — i) time, so calculating all of the B; ; would seem
to require ©(n?) time. In fact, this is what was done by Gilbert and Moore in
1956 [9]. More than a decade later, in 1971, it was noticed by Knuth [10] that,
using a complicated amortization argument, the B; ; can all be computed using
only ©(n?) time. Around another decade later, in the early 1980s, Yao [18, 19]
simplified Knuth’s proof and, in the process, showed that this dynamic pro-
gramming speedup worked for a large class of problems satisfying a quadrangle
inequality property.

Many other authors then used the Knuth-Yao technique, either implicitly or
explicitly, to speed up different dynamic programming problems. (See e.g., [3,
4, 15).)

In the 1980s, a variety of researchers developed various related techniques
for exploiting properties such as convexity and concavity to yield dynamic pro-
gramming speedups; a good early survey is [8]. A high point of this strand
of research was the development in the late 1980s of the linear time SMAWK
algorithm [1] for finding the row-minima of totally monotone matrices. The
work in [7] provides a good survey of the techniques mentioned as well as ap-
plications and later extensions. One particular extension we mention (since we
will use it later) is the LARSCH algorithm by Larmore and Schieber [11] which,
in some cases, permits finding row-minima even when entries of the matrix can
depend upon other entries of the same matrix (a case SMAWK cannot handle).
Very recently [5] gives new results based on the LARSCH algorithm for certain
bottleneck path problems (which extends the earlier work in [11]) and in the
the same paper the LARSCH algorithm is used to find a bottleneck-shortest
pyramidal traveling salesman tour in O(n) time.



As we shall soon see, both the Knuth-Yao (KY) and SMAWK techniques
rely on an underlying quadrangle inequality in their structure and have a similar
“feel”. In spite of this, they have until now usually been thought of as being
different approaches. (See, e.g., [13] which uses both KY and SMAWK to speed
up different problems.) In [2] Aggarwal and Park demonstrate a relationship
between the KY problem and totally-monotone matrices by building a 3-D
monotone matrix based on the KY problem and then using an algorithm due
to Wilber [16] to find fube minima in that 3-D matrix. They leave, as an open
question, the possibility of using SMAWK directly to solve the KY problem.

The main theoretical contribution of this paper is to show that the KY
technique is really just a special case of the use of totally monotone matrices.
We first show a direct solution to the KY problem by decomposing it into O(n)
totally-monotone O(n) x O(n) matrices, permitting direct application of the
SMAWK algorithm to yield another O(n?) solution. After that we describe
how the Knuth-Yao technique itself is actually a direct consequence of total-
monotonicity of certain related matrices. Finally, we show that problems which
can be solved by the KY technique statically in O(n?) time can actually be
solved in an online manner using only O(n) worst case time per step. This is
done by using a new formulation of the problem in terms of monotone-matrices,
along with the LARSCH algorithm.! We conclude by discussing various exten-
sions of the standard KY speedup problem in the literature, and showing that
these extensions are simply special cases of the use of totally monotone matrices.

1.2 Definitions

Definition 1 A two dimensional upper triangular array a(i,j), 0 <i<j<n
satisfies the quadrangle inequality (QI) if for all i < i < j <j’,

a(i,j) +a(i,j") < a(@, j) +a(i, ). (3)
Note: In some applications we will write a; ; instead of a(i, 7).

Definition 2 A 2 x 2 matriz is monotone if the rightmost minimum of the
upper row is not to the right of the rightmost minimum of the lower row. More

formally, l a Z ] is monotone if b < a implies that d < c.
c

Definition 3 A matriz is totally monotone if every 2 x 2 submatriz® is mono-
tone.

Definition 4 A matriz M is Monge if for all i < i and j < j',

M+ My jo < My + M jr. (4)

"We should point out that, as discussed in more detail at the end of Section 3, an alternative
online algorithm to the one presented here could be derived by careful deconstruction of the
static Aggarwal-Park [2] method; somehow, this never seems to have been remarked before in
the literature.

2In this paper, a submatrix is allowed to take non-adjacent rows /columns from the original
matrix.



The important observations (all of which can be found in [7]) are

Observation 1 FEvery Monge matrix is totally monotone.
Observation 2 An m x n matrix M is Monge if

M(@,j)+MGE+1,7+1) < M@E+1,5)+ M(i,5+1) (5)
foralll<i<mand 1 <j <n.

Combining the above leads to the test that we will often use:

Observation 3 Let M be an m X n matriz. If
Mij+ Miy1,+1 < Miy1j + M j (6)

forall1 <i<m and 1< j <n, then M is totally monotone.

1.3 Mathematical Framework

Even though both the SMAWK algorithm [1] and the Knuth-Yao (KY) speedup
[10, 18, 19] use an implicit quadrangle inequality in their associated matrices,
on second glance, they seem quite different from each other.

In the SMAWK technique, the quadrangle inequality is on the entries of a
given m x n input matrix, which can be any totally monotone matrix.® It is
not necessary for the input matrix to actually be given: in many applications,
including those in this paper, the entries are implicit, i.e., they are computed
only as they are needed. All that the SMAWK algorithm requires is that, when
needed, the entries can be calculated in O(1) time. The output of the SMAWK
algorithm is a vector containing the row-minima of the input matrix. If m < n,
the SMAWK algorithm outputs this vector in O(n) time, an order of magnitude
speedup over the naive algorithm that scans all mn matrix entries.

The KY technique, by contrast, uses a quadrangle inequality in the upper-
triangular n X n matrix B. That is, it uses the QI property of its result matrix
to speed up the evaluation, via dynamic programming, of the entries in the
same result matrix.

More specifically, Yao’s result [18] was formulated as follows: For 0 < ¢ <
Jj <nlet w(i,j) be a given function and

if 1 = 7;

0,
B”:{ w(i,§) + min (Big—1 + Bry), ifi <. 0
1<txy)

Definition 5 w(i,j) is monotone in the lattice of intervals if [i,j] C [i/, ]
implies w(i,j) < w(i,j').

3Note that Monge Matrices satisfy a quadrangle inequality, but in general, a totally mono-
tone matrix may not. However, in practice, most applications of the SMAWK algorithm make
use of Monge matrices. If the input matrix is triangular, the missing entries are assigned the
default value oo, preserving total monotonicity.



As an example, it is not difficult to see that the w(i, j) = Z{:Hl P+ Z{:i q of
the BST recurrence (2) satisfies the quadrangle inequality and is monotone in
the lattice of intervals.

Definition 6 Let
KB(ZaJ) = max{t : w(’La]) + Bi,tfl + Bt,j = Bi,j}’
i.e., the largest index which achieves the minimum in (7).

Yao then proves two Lemmas (see Figure 1 for an example):

Lemma 1 (Lemma 2.1 in [18])

If w(i,j) satisfies the quadrangle inequality as defined in Definition 1, and is
also monotone on the lattice of intervals, then the B; ; defined in (7) also satisfy
the quadrangle inequality.

Lemma 2 (Lemma 2.2 in [18])
If the function B;; defined in (7) satisfies the quadrangle inequality then

Kp(i,j) < Kp(i,j+1) < Kp(i+1,j+1) Vi<

Lemma 1 proves that a QI in the w(4, j) implies a QI in the B; ;. Suppose
then that we evaluate the values of the B; ; in the order d = 1,2,...,n, where,
for each fixed d, we evaluate all of B;;q, ¢ = 0,1,...,n —d. Then Lemma 2
says that B; ;4 can be evaluated in time O(Kpg(i+1,i+d) — Kp(i,i+d—1)).
Note that

I
S8

n

(Kp(i+1,i+d) — Kg(i,i+d—1)) <n,

i
o

and thus all entries for fixed d can be calculated in O(n) time. Summing over
all d, we see that all B;; can be obtained in O(n?) time.

As mentioned, Lemma 2 and the resultant O(n?) running time have usually
been viewed as unrelated to the SMAWK algorithm. While they seem somewhat
similar (a QI leading to an order of magnitude speedup) they appeared not to
be directly connected.

The main theoretical result of this paper is the observation that if the w(i, j)
satisfy the QI and are monotone in the lattice of intervals, then the B; ; defined
by (7) can be derived as the row-minima of a sequence of O(n) different totally
monotone matrices, each of size O(n) x O(n), where the entries in a matrix
depend upon the row-minima of previous matrices in the sequence.? In fact,
we will show three totally different decomposition of the B; ; into O(n) totally
monotone matrices. In particular, our first decomposition, will permit the direct
use of SMAWK.

“See [17] for a solution to a different type of problem via finding the row-minima of a
sequence of dependent totally monotone matrices.




1.4 Online Algorithms

Generally, an online problem is defined to be a problem where a stream of
outputs must be generated in response to a stream of inputs, and where those
responses must be given under a protocol which requires some outputs be given
before all inputs are known. The performance of such an online algorithm is
usually compared to the performance of an algorithm that does not have a
restriction on the input stream and thus knows the entire input sequence in
advance. For many optimization problems it is impossible to give an optimal
solution without complete knowledge of future inputs. In such situations online
algorithms are analyzed in terms of competitiveness, a measure of the perfor-
mance that compares the decision made online with the optimal offline solution
for the same problem, where the lowest possible competitiveness is best.

The online versions of the problems in which we are interested are given
below, and do not involve competitiveness. Instead, our goal is to achieve the
optimal result, while maintaining the same asymptotic time complexity as the
offline versions.

Let L < R be given along with values w(i, j) for all L < i < j < R that
satisfy the QI and the “monotone on lattice of intervals” property. Let

0, if i = j;
Bij =9 w(i.j) + min (Big—1+ Bej), ifi <j,
J

1<

and assume all B;; for L < i < j < R have already been calculated
and stored.

The right-online problem is:

Given new values w(i, R + 1) for L < ¢ < R+ 1, such that w(i, )
still satisfy the QI and the “monotone on lattice of intervals” property,
calculate all of the values B; py1 for L <¢ < R+ 1.

The left-online problem is:

Given new values w(L — 1,j) for L — 1 < j < R, such that w(i,j)
still satisfy the QI and the “monotone on lattice of intervals” property,
calculate all of the values By for L —-1<j <R.

These online problems restricted to the optimal binary search tree would
be to construct the OBST for items Key; ,q,...,Keyg, and, at each step, add
either Keyp, 1, a new key to the right, or Key, a new key to the left. Every time
a new element is added, we want to update the B;; (dynamic programming)
table and thereby construct the optimal binary search tree of the new full set of
elements. See Figure 1. To achieve this, it is certainly possible to recompute the
entire table; however this comes at the price of O(n?) time, where n = R — L
is the number of keys currently in the table, leading to a total running time of
O(n3) to insert all of the keys. What we are interested in here is the question
of whether one can maintain the speedup while inserting the keys in an online
fashion. Our goal is an algorithm in which a sequence of n online key insertions



will result in a worst case O(n) per step to maintain an optimal tree, yielding
an overall run time of O(n?).

Unfortunately, the KY speedup cannot be used to do this. The reason that
the speedup fails is that the KY speedup is actually an amortization over the
evaluation of all entries when done in a particular order. In the online case,
adding a new item n to previously existing items 1,2,...,n — 1 requires using
(7) to compute the n new entries B;, in the fixed order i = n,n —1,...,1,0
and it is not difficult to construct an example in which calculating these new
entries in this order using (7) requires ©(n?) work.

We will see later that the decomposition given in section 3 permits a fully
online algorithm with no penalty in performance, i.e., after adding the nth new
key, the new B; ; can be calculated in O(n) worst case time. Furthermore, this
will be true for both the left-online and right-online case.

3| 4 5 6 7 3145|617
310 (91| 282|499 | 821 313|4|5|5]|6
4 0 | 169 | 386 4 4155
5 0 |124 5 5|6
6 0 6 6
7 7

Figure 1: An example of the online case for optimal binary search trees where
(P4, 5, 6, p7) = (2,69,38,84) and (g3, q4, g5, 96, 97) = (20,69,31,55,16). The
left table contains the B;; values; the right one, the Kp(i,j) values. The
unshaded entries in the table are for the problem restricted to only keys 5, 6.
The dark gray cells are the entries added to the table when key 7 is added to
the right. The light gray cells are the entries added when key 4 is added to
the left. The corresponding optimal binary search trees are also given, where
circles correspond to successful searches and squares to unsuccessful ones. The
values in the nodes are the weights of the nodes (not their keys).
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Figure 2: The lefthand figure shows the B; ; matrix for n = 12. Each diagonal,
d = j — i, in the matrix will correspond to a totally monotone matrix D¢. The
minimal item of row 4 in D¢ will be the value B;i+q. The righthand figure
shows D8,

2 The First Decomposition
Definition 7 For 1 < d < n define the (n — d + 1) x (n + 1) matriz D¢ by

(8)

Dd . w(i,i+d)+Bi7t_1+Btﬂ'+d, if 0<i<t<i+4d<n;
L S otherwise.

Figure 2 illustrates the first decomposition. Note that (7) immediately
implies

. d
Biita = o Dy, 9)
so finding the row-minima of D? yields Biita, i = 0,...,n —d. Put another

way, the B; ; entries on diagonal d = j —1i are exactly the row-minima of matrix
D

Lemma 3 If w(i,j) and the function B;; defined in (7) satisfies the QI then,
for each d (1 < d <n), D? is a totally monotone matri.

Proof: From Observation 3 it suffices to prove that
d d d d
Diy+ Dit1 11 < Ditvap + Dy (10)
Note that if i + 1 < t < ¢+ d, then from Lemma 1,
Bit—1+ Biy1t < Big14-1+ Biy (11)

and
Biiva + Bittit14d < Big1ivd + Brivi4a- (12)



Thus,
Dy + Dy 1
= [w(i,i+d)+ Bit—1+ Bpiyal +[w(ii +1,i4+14d) + Biy1,¢ + Biy1iv1+d]
= w(,i+d)+w(i+1,i4+1+d)+ [Bit—1 + Bit1t] + [Btitd + Bi+1i+1+d)
< w(i,i+d)+w(i+ 1,0+ 14+d) + [Biy1-1 + Bit) + [Bey1ivd + Brivi4dl
= [w(i+1,i4+14+d)+ Bijy1,t-1 + Brit1+a] + [w(i,i + d) + Biy + Bit1,i+d)
= Di\yy+ Df

and (10) is correct (where we note that the right hand side is co if i +1 £ ¢ or
t£i+d). O

Lemma 4 Assuming that all of the row-minima of D', D?,..., D% have al-
ready been calculated, all of the row-minima of D can be calculated using the
SMAWK algorithm in O(n) time.

Proof: From the previous lemma, D? is a totally monotone matrix. Also,
by definition, its entries can be calculated in O(1) time, using the previously
calculated row-minima of D¥ where d’ < d. Thus SMAWK can be applied. O

Combined with (9) this immediately gives a new O(n?) algorithm for solving
the KY problem; just run SMAWK on the D? in the order d = 1,2,...,n and
report all of the row-minima.

We point out that this technique cannot help us solve the online problem
as defined in subsection 1.4, though. To see why, suppose that items 1,...,n
have previously been given, new item n + 1 has just been added, and we need
to calculate the values B; 41 for ¢ = 0,...,n+1. In our formulation this would
correspond to adding a new bottom row to every matrix D? and creating a new
matrix D", In our formulation, we would need to find the row-minima of all
of the n new bottom rows. Unfortunately, the SMAWK algorithm only works
on the rows of matrices all at once and cannot help to find the minimum of a
single new row.

3 The Second & Third Decompositions

So far we have seen that it is possible to derive the KY running time via repeated
calls to the SMAWK algorithm. We now see two more decompositions into
totally-monotone matrices. These decompositions will trivially imply Lemma
2 (Lemma 2.2 in [18]), which is the basis of the KY speedup. Thus, the KY
speedup is just a consequence of total-monotonicity. These new decompositions
will also permit us to efficiently solve the online problem given in subsection
1.4.

The second decomposition is indexed by the rightmost element seen so far.
See Figure 3.

Definition 8 For 1 < j < n define the (j + 1) x (j + 1) matriz R? by

(13)

R — w(i,j) + Bit—1+ By, if 0<i<t<y;
bt oo otherwise.
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element of row i in R? will be the value B; ;. The righthand figure shows RS.

LO

J
0 1 23 456 7 8 9101112
Hhoj

Ll

L2

L3

L4

L6

L7

L8

L9

0
1 A A
2
3 7 parald
4
5
6
7
8
9
10
11
12

LlU
Lll

t

9 10 11 12 Row-Min

Bso
Bs .10
Bsg 11
Bsg 12
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Note that (7) immediately implies

= min R’

Bij = join R, (14)
so finding the row-minima of RJ yields B;j for i =0,...,7 — 1. Put another
way, the B; ; entries in column j are exactly the row minima of RI.

The third decomposition is similar to the second except that it is indexed
by the leftmost element seen so far. See Figure 4.

Definition 9 For 0 <i < n define the (n —1i) x (n — i) matriz L' by

. . . o < i<
L;,t:{ w(t,j) + Big—1+ By j, if i<t <j<m (15)

o0, otherwise.

(For convenience, we set the row and column indices to run from (i +1)...n
and not 0...(n —i —1).) Note that (7) immediately implies

Bij= min LS, (16)
so finding the row-minima of L! yields B;j for j =i+ 1,...,n. Put another

way, the B; ; entries in row 4 are exactly the row minima of matrix L*.

Lemma 5 If the function defined in (7) satisfies the QI then R? (resp. L') are
totally monotone matrices for each fized j (resp. i).

Proof: The proofs are very similar to that of Lemma 3. To prove R’ is totally
monotone, note that if i + 1 < ¢ < j, we can again use (11); writing the entries
from (11) in boldface gives

R, + Rl 4y
= [w(i,j) + Big—1 + Be;] + [w(i+1,7) + Bit1¢ + By,
< [w(i+1,5) + Bij14-1 + Bej] + [w(i, j) + Big + Bit1,4]

_ pJ J
= Ri + Ry

and thus R’ is Monge (where we note that the right hand side is oo if i +1 & t)
and thus totally monotone. To prove L is totally monotone, if i < ¢ < j then
we again use (11) (with j replaced by j + 1) to get

Lé’,t + L§'+1,t+1
= [w(i,J) + Big—1 + By + [w(i, j + 1) + Bit + Bs1,j+1]
< [w(i,j+1) + Big—1 +Beja] + [w(i, j) + Biy + By g
= Ly + L

and thus L’ is Monge (where we note that the right hand side is oo if ¢ £ )
and thus totally monotone. O

11



We point out that these two decompositions immediately imply a new proof
of Lemma 2 (Lemma 2.2 in [18]) which states that

To see this, note that Kp(i,7 + 1) is the location of the rightmost minimum of
row 4 in matrix R/T! while Kg(i + 1,5 + 1) is the location of the rightmost
minimum of row i+1 in matrix R/*!. Thus, the definition of total monotonicity
(Definition 3) immediately gives

Kp(i,j+1) < Kp(i+1,j+1). (18)

Similarly, Kg(i,j) is the rightmost minimum of row j in L*, while Kpg(i,j + 1)
is the location of the rightmost minimum of row j + 1 in L. Thus

Combining (18) and (19) yields (17), which is what we want. Since the actual
speedup in the KY technique comes from an amortization argument based on
(17), we have just seen that the original KY-speedup itself is also a consequence
of total monotonicity.

We have still not seen how to actually calculate the B; j using the B’ and L.
Before continuing, we point out that even though the R’ are totally monotone,
their row minima cannot be calculated using the SMAWK algorithm. This is
because, for 0 < i <t < j, the value of entry R}, = w(i, j)+ Bj -1+ By j, which
is dependent upon B;; which is itself the row-minimum of row ¢ in the same
matrix R?. Thus, the values of the entries of R/ depend upon other entries in
RJ which is something that SMAWK does not allow. The same problem occurs
with the L.

We will now see that, despite this dependence, we can still use the LARSCH
algorithm [11] to find the row-minima of the R/. This will have the added
advantage of solving the online problem as well.

At this point we should note that our decompositions L’ could also be
derived by careful cutting of the 3-D monotone matrices of Aggarwal and Park
[2] along particular planes. Aggarwal and Park used an algorithm of Wilber [16]
(derived for finding the maxima of certain concave-sequences) to find various
tube maxima of their matrices, leading to another O(n?) algorithm for solving
the KY-problem. In fact, even though their algorithm was presented as a static
algorithm, careful decomposition of what they do permits using it to solve what
we call the left-online KY-problem. (By symmetry, we can also solve the right-
online KY-problem.) This never seems to have been noted in the literature,
though. In the next section, we present a different online algorithm, based on
our decompositions and the LARSCH algorithm.

4 Online Algorithms with the KY Speedup

To execute the LARSCH algorithm, as defined in Section 3 of [11] we need only
that the matrix X satisfy the following conditions:

12



1. X is an n x m totally monotone matrix.

2. For each row index ¢ of X, there is a column index C; such that for j > Cj,
X; ; = oo. Furthermore, C; < Cj1.

3. If j < Cj, then X;; can be evaluated in O(1) time provided that the row
minima of the first i — 1 rows are already known.

If these conditions are satisfied, the LARSCH algorithm then calculates all of
the row minima of X in O(n + m) time. We can now use this algorithm to
derive

Lemma 6

e Given that all values By ;, i < i' < j < n have already been calculated, all
of the row-minima of L' can be calculated in O(n — i) time.

e Given that all values B; j, 0 < i < j' < j have already been calculated,
all row-minima of R? can be calculated in O(j) time.

Proof: For the first part, it is easy to see that L satisfies the first two conditions
required by the LARSCH algorithm with C; = j. For the third condition, note
that, for 1 < t < j, L;'-’t = w(i,j) + Bit—1 + Bt;. The values w(i,j) and By
are already known and can be retrieved in O(1) time. B;;—1 is the minimum of
row ¢t — 1 of L? but, since we are assuming ¢ < j, this means that B;;_; is the
minimum of an earlier row in L, and the third LARSCH condition is satisfied.
Thus, all of the row-minima of the (n —4) x (n — i) matrix L’ can be calculated
in O(n — i) time.

For the second part set X to be the (j+1) x (j+1) matrix defined by X;; =
R;—i, -t Then X satisfies the first two LARSCH conditions with C; = i—1. For

the third condition note that X;; = Rg-_i’j_t =w(j—1i,J)+Bj_ij—t—1+Bj_;.
The values w(j —¢,7) and B;_; j_¢—1 are already known and can be calculated
in O(1) time. Bj_; j is the row minima of row t of X; but, since we are assuming
t < C; =i — 1 this means that B;_; ; is the row minima of an earlier row in X
so the third LARSCH condition is satisfied. Thus, all of the row-minima of X

and equivalently R7 can be calculated in O(j) time. O

Note that Lemma 6 immediately solves the “right-online” and “left-online”
problems described in subsection 1.4. Given the new values w(i, R + 1) for
L <i < R+ 1, simply find the row minima of R¥*! in time O(R — L). Given
the new values w(L — 1,7) for L — 1 < j < R, simply find the row minima of
L=t

We have therefore just shown that any dynamic programming problem for
which the KY speedup can statically improve run time from ©(n?) to O(n?)
time can be solved in an online fashion in O(n) time per step. That is, online
processing incurs no penalty compared to static processing. In particular, the
optimum binary search tree (as illustrated in 1.4), can be maintained in O(n)
time per step as nodes are added to both its left and right.
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5 Further Applications

In this section, we consider two extensions of the Knuth-Yao quadrangle in-
equality; the first was due to Wachs [14] in 1989 and the second to Borchers
and Gupta (BG) [6] in 1994.

In our presentation we will first quickly describe the Wachs and BG exten-
sions. We then sketch how our various results, i.e., the D¢, R7 and L’ Monge
matrix decompositions and their consequences, can be generalized to work for
the Wachs and BG extensions.

Note: In order to maintain the consistency of our presentation we some-
times slightly modify the statements of the theorems in [6] and [14]. After our
presentations we will note the various modifications made (with the exception
of trivial renaming of variables).

5.1 The Wachs Extension

In [14] Wachs was interested in solving the system of dynamic programming
recurrences

0, if i=j;
Bij = { v(i,§) + min (u(i,t — D)w(i,j) + Big_1 + By,), it i<j, (20)

1<t<j
- 0, ) if i=j;
Bij =\ vig) + min (u(t,j)w(i ) + B +Byg), it i<y, (2D
IStx]

where v(i,7), u(i,7) and w(i,j) were functions satisfying the QI and other
special properties.

Her motivation was to calculate the binary search tree corresponding to the
optimal comparison search procedure on a tape. A tape can only be accessed
sequentially, either from left to right, or from right to left (with no cost imposed
for changing the direction). The n records on the tape are sorted in increasing
order by their keys Key,...,Key,. As in Knuth’s original problem, denote by
p; the weight that a search is for Key;, and by ¢; the weight that a search is
for an argument between Key; and Key;,,. Key, = —oco and Key,, ,; = +o0.
Denote by x; the location of Key; on the tape. Let 9 = x1 and xp,+1 = x,,. The
cost of moving the tape from Key; to Key,, (1 < l2) is the same as moving
from Key,, to Key, , which is a(z;, — x;,) + b where a and b are non-negative
constants. The binary search tree constructed by Wachs lies in the random
access memory but is only used to model the search procedure on the tape.
This means, the node that represents Key,; in the binary search tree does not
contain the key value of Key;, but only contains z; and the two child pointers.
So, in the search step at Key;, we need to move the tape from current location
to x;, then compare with Key;, and then decide whether to choose the left or
right branch in the binary search tree.

Define

. a(xjqr —x;) + b, if j>i-1;
= 22
u(i, j) { 0, otherwise, (22)

14



which is the cost of moving the tape from Key; to Key; ; when j > i — 1.
Define

j j
Yo+ Y aq, if i<
=1

w(i,j) = { 1=t L (23)
—Pi if j=i—-1
o, otherwise,

which is the weight of the subtree from Key,;  to Key; when i < j, as in Knuth’s
original problem. Both u(i,j) and w(i, j) satisfy the QI. It is important to note
in this subsection that wu(i,7) and w(i,j) satisfy the QI as equality on their
finite elements. That is, for i <, 7 < 7 and j > — 1,

uliy §) + u(i', j') = u(d, j) + u(i, 1), (24)

w(i,j) +w(i',j') = w(i, j) + w(i, ). (25)

We call (24) and (25) the quadrangle equality (QE), and we will say (7, j) and
w(i,j) “satisfy the QE” instead of saying “satisfy the QE on finite elements”
since the infinite elements can be defined such that the QE is satisfied on all
elements.

Let B;; (resp. B; ;) be the optimal cost of searching the subtree from Key,, ;
to Key;, where the tape is initially at x; (resp. xj4+1). Wachs showed that B; ;
and B, ; satisfy (20) and (21), when u(4, j) and w(i,j) are defined as (22) and
(23), and v(7,j) = 0.

The naive method of evaluating all of the B; ; and B; ; requires ©(n3) time.
Using a generalization of the KY speedup Wachs is able to reduce this down to
O(n?). In our notation, her main results are

Lemma 7 (Theorem 3.1 in [14])

If (i) v(i,j) satisfies the QI, (ii) u(i,j) and w(i,j) satisfy the QE, (iii) all
three functions are monotone on the lattice of intervals and, furthermore, (iv)
if u(i,i — 1) = b is a non-negative constant independent of i, and w(i,j) > 0
for alli < j, then B; j and B; ; as defined by (20) and (21) satisfy the following
stronger version of the QI: For all0 <i < <j<j <n,

Binj+ Bijo — Bij — By

(i — 1) — (i, ¥ — D) (i + L) —w(+ L 20

v

By j+ Bijo — Bij — B j

WG +1,5) — u + 1) i i — 1) —w(@ i — 1)) 20 0

Y

Lemma 8 (Theorem 3.2 in [14])
If B;j and B(i,j) satisfy the QI, then

where Kg(i,j) and Kg(i,j) are the mazimum splitting points at which B; j and
B; ;, respectively, attain their minimum values.
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Lemma 8 is then used in exactly the same fashion as was Lemma 2 by Knuth
and Yao, to speed up the solution of the DP recurrence from O(n?) to O(n?).
Since the u(i,j) and w(i,j), as well as v(i,j7) = 0 in Wachs’ tape searching
problem satisfy all of the conditions of Lemma 7, this solves Wachs’ motivating
problem in O(n?) time.

Setting u(i, j) = 0 or w(i, j) = 0 gives B; ; = B, j for all i, j. Further setting
v(i,7) be the w(i,j) in (7) collapses Wachs’ results down to the standard KY
speedup. Thus, Wachs’ results can be seen as an extension of KY.

Note: The indices here are slightly shifted from those in Wachs’ [14]. The
statement of Theorem 3.1 in [14] assumes that v(7, j) = 0. The extension to ar-
bitrary v(i, j) satisfying the QI and monotonicity is noted in the last paragraph
of [14].

We now apply our schemes to the system of recurrences of Wachs’ problem.
We first provide the analogue to our old D¢ matrices.

Definition 10 For 1 < d < n, define the (n —d + 1) x (n + 1) matriz D* and
D% by

v(i,i+d) +u(i,t — Dw(i,i+d) + Bit—1 + Britd,
D¢, = if 0<i<t<i+d<n; (28)
o, otherwise,

v(i,i+d) +u(t,i+d)w(i,i+d) + Bis—1 + Biiva,
Dd, = if 0<i<t<i+d<m (29)
o, otherwise.

Lemma 9 If B;; and B;; both satisfy the stronger QI given by (26) and (27)
in Lemma 7, u(i,j) and w(i,j) both satisfy the QFE and are monotone, and
u(i,i — 1) = b is a non-negative constant independent of i, then D and D¢ as
defined by (28) and (29) are Monge, i.e., for all1 <d<n,0<i<n—d and
0<t<n,

DYy + Dy 1 < Dy + DYy (30)

Dﬂt + Dzd+1,t+1 < D;‘i—&—l,t + Dzd,t—i-l (31)
Proof: Since (30) and (31) are symmetric, we will only show the proof of (30).
Ifi+1£tort£i+d, (30)is trivially true since the right hand side is co. So
we assume ¢ + 1 <t < i+ d. To save space, we write f(i,7) as f; j, where f is

v, u or w. Define
H; ¢ = v i4q + Ui —1Wj j4q-

Then, D, = H;; + Biy—1 + By itq. From Lemma 7,
Bit1t-1+ Bit — Bit—1 — Bit1t > (ute —b) (wi; — wiy14) (32)

Btivar1 + Biv1ivd — Brivd — Beytivarr = (U — 0) (Witdy1,itdit (33)
- wi+d+1,z’+d)
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Denote by QI(f;i,4',j,5") the QI that f;; + firjo < firj + fijo where i <4/,
j <j and j > i— 1, and by QE(f;4,4,7,7') the corresponding QE (QI as
equality).

Hi1y+Hip1— Hiy — Hip14401

= (Wit — Wig—1) Wiitd — (Wit14 — Wit14-1) Wit1,itd+1

> (wig —ui—1) (Wiird — Wit1,ivde1) (QIL(u;i, i+ 1, —1,¢)]
(wt — utp—1) (Wiitd — Wis1itdr1) QE(usi, t,t —1,t)]
= (uty —b) (Wijitd — Wit1,i+d+1) [utt—1 = b] (34)

Combine (32) to (34),
d d d d
D1+ Diyyr — Diy — Diy y
= (Bit1,4-1+ Biy — Big—1 — Bit1,4) + (Britda+1 + Biti,ivd — Briva
— Bistiva+1) + (Hig1¢ + Hipo1 — Hip — Hig1,4041)

> (uet —b) [wii — Wit + Wiirdt (Witdi1ivdt1 — Witdt1,itd
- wz’+1,z'+d+1)}
= (ug = b) (Wi — Wit1,i + Wijitd — Wit1,i+d)
[QE(w;i+1,i4+d+1,i+di+d+1)]
> 0 [monotonicity of u, w]
which yields the lemma. O
Note that
. d = . =d
Biivi= 01%1%1” Df, and B q= Orgntl%ln Dyy. (35)

Thus, as in Section 2, we can use the SMAWK algorithm to evaluate all of the
B;; and B, j in O(n?) time.
We now generalize the R/ and L’ matrices.
Definition 11 For 1 < j < n define the (j +1) x (j + 1) matriz R/ and R’ by
, v(i, ) +u(i,t — D)w(i, ) + Big—1 + By
Rit: if 0<i<t<y, (36)
00 otherwise.
B (i, j) 4 ult, )w(i, j) + Bir—1 + By
R‘Z’t: if 0<i<t<y, (37)
00 otherwise.
For 0 <i < n define the (n — i) X (n — i) matriz L' and L* by
v(i, j) +u(i,t = Dw(i, j) + Big—1 + Big

L, = if i<t<j<nm, (38)
00 otherwise.

’U(Z,j) + U(Z, t)w(laj) + Bi,t—l + Bi,t

L, = if i<t<j<n, (39)
00 otherwise.
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Lemma 10 If B;; and B;; both satisfy the stronger QI given by (26) and
(27) in Lemma 7, u(i,j) and w(i,j) both satisfy the QE and are monotone,
and u(i,i — 1) = b is a non-negative constant independent of i, then the four
matrices R7, R/, L' and L' as defined by (36) to (39) are all Monge matrices.

Proof: We will only show the proof for R and R; the proof for L and L is
symmetric. We will show forall 1 <j<n,0<i<jand0<t<j,

Rl + Ry S R+ Ry (40)

R, + Rl <R, +R,, (41)

Ifi+1 £t (40) and (41) are trivially true since the right hand side is co. So
we assume i+ 1 < ¢t. Then, for (40),

J J J J
Riy + Ry — Ry — Rip
= (Bit14-1+ Bit — Biy—1 — Bij1t) + (Vig1,j + vij — Vij — Vit1,5)

F (Uig 14— 1 Wit 1,5 + Wi g Wi j — Wi g1 Wy j — Uit ¢ Wit )

2 U1 -1 Wit 1,5 T U Wi — Ujp—1 Wi j — Uit 1,4 Wit1,j
[QL(B;i,i+1,t—1,1)]
> U141 Wit1,j + (Uig—1 + Uip1,p — Uip1,0—1) Wi j — Ui t—1Wij
— Wit 1 4 Wit 1,5 QL(w;i,i 4+ 1,t — 1,t)]
= (Wit1t — Uir1,-1) (Wij — Wit15)
> 0 [monotonicity of u, w]
For (41),
Rngl,t + Rg,tJrl - qu,t - Rg+1,t+1
= (Bit14-1+ Bit — Bit—1 — Bit1t) + (Vig1,; + vij — vij — Vit1j)
+ (upr1,j — urj) (Wi — wig1j)
> (ugy — upg—1) (Wi — Wig13) + (W15 — uej) (Wij — Wig1,5)
[stronger QI(B;i,i + 1,¢ — 1,t)]
= (upt —upp—1) (Wi — Wit1,4) + (W1, — ) (Wi j — Wig1,j)
QE(u;t,t + 1,t,7)]
= (ur —b) (wiy — Wig1; — Wij + Wig1,5) [ t—1 = U1t = D]
= 0 [QE(w; 4,4+ 1,1, 7)]
which yields the lemma. o

In the same way that Lemma 5 from Section 3 implies Lemma 2, our new
Lemma 10 implies Lemma 8.

Recall too that in Section 4, we saw how Lemma 5 implies that the LARSCH
algorithm can be used to solve the two-sided KY online problem in O(n) time
per step, and in O(n?) total time. Similarly, Lemma 10 implies that LARSCH
algorithm can be used to solve the two-sided Wachs online problem in O(n)
time per step, and in O(n?) total time.
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5.2 The Borchers and Gupta Extension

In [6], motivated by various problems, Borchers and Gupta address the following
dynamic programming recurrence: For 0 <i<j<mnand 0 <r <k,

i, if @=y7;
B = . C e (42)
i.5,r ir<ntl£j (w(z, t,J) +aBi_1 5o + bBt,jyg(,n)), if @ <j,

where f(r) and g(r) are non-negative integer functions and f(r) <r, g(r) <.
In comparing this to (7) one notes many differences. As far as the analysis is
concerned the major difference is that w(i, j) is replaced by w(i,t, ), which is
dependent upon the splitting-point t and therefore needs to be moved inside
the “min”. Our previous definitions of the “quadrangle-inequality” and being
“monotone in the lattice of intervals” can not apply to a function of three
variables so we need to extend them as follows:

Definition 12 w(i,t,j) satisfies the generalized quadrangle inequality (QI) if
Joralli <i <t<t <j andt<j<y,

w(i,t,j) +w(@ 1, j") < w(i',t,§) +wli, ¢, j); (43)
and, foralli <t <t' <j<j andi<i <t,
w(i' ', §') +w(it,j) <w(@ ', 5) +w(i,t,j). (44)

Definition 13 w(i,t,j) is monotone in the lattice of intervals if for all [i, j] C
[i', 5] and i <t < j, w(i,t,j) < w(i,t,j").

Note that if, for all (4, j, ) satisfying i < ¢ < j, we have w(i, t,j) = w(i, ), then
our new definitions of the QI and monotonicity collapse down to Definitions 1
and 5.

The straightforward approach to compute all of the B; ;» would use O (kn?)
time, where k is the maximum value of the non-negative integer r and the non-
negative integer functions f(r) and g(r). Borchers and Gupta [6] show they
can be computed in O(kn?) time if w(i,t,j) satisfies the generalized QI and
monotone in the lattice of intervals:

Lemma 11 (Lemma 1 in [6])

For0<i<j<mnand0<r <k, let B;j, be defined by (42). Furthermore let
(i) a,b > 1, (ii) for all ri < 72, f(r1) < f(r2), g(r1) < g(r2), and (iii) ¢; > 0
and w(i,t,j) > 0. If w(i,t,j) satisfies the generalized QI and monotone in the
lattice of intervals, then, for every fized r, B;;, satisfies the QI, i.e., for all
1<i <j5<7 andallr,

Bijr + Bir jor < Byt jr + Bijir. (45)

Lemma 12 (Lemma 2 in [6])
If B; j, satisfies the QI for every fized r, then

KB(iaju T) < KB(Z7] + 1’T) < KB(l + ]-7.7 + 17T)7
where Kg(i,7,7) is the mazimum splitting point at which B j, attains its min-

imum value.
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As in the KY case, this last lemma provides a ©(n) speedup, i.e., from ©(kn?)
to O(kn?).

If weset k=0,a=b=1and w(i,t,j) = w(i,j) for all ¢, for some function
w(i,j), (42) collapses to (7), and the Borchers-Gupta result collapses to the
standard KY speedup.

Note: Lemma 11 of this paper is essentially the same as Lemma 1 of [6].
A reader of both papers would note that our statement looks different. The
reason for this is that Lemma 11 collects the various conditions required by
their Lemma 1 in one place, and then lists them in such a way as to easily
contrast their lemma with the KY and Wachs results.

Yy
(z0,90)
4 (z1,1)
°
ﬁiﬁ. (z2,92)
o (¢3,v3)
°
(z4,y4)
(z5,Y5)
T .(x67y6)
O i ® (x7,y7)

Figure 5: The Rectilinear Steiner Arborescence connecting “slide-points”
(z0,%0),-- -, (z7,y7). The slide-points are terminals and denoted by solid cir-
cles, empty circles denotes the Steiner points. The directed edges can only go
up or right.

One interesting immediate application of this result pointed out in the
BG paper [6] is finding an optimal Rectilinear Steiner Minimal Arborescence
(RSMA) of a slide. A slide is a set of points (z;,y;) such that, if i < j, then
x; < xj and y; > y;. See Figure 5. A Rectilinear Steiner Arborescence is
a directed tree in which each edge either goes up or to the right. In [12] it
was shown that the minimum cost Rectilinear Steiner Arborescence connecting

slide-points (x4, yi), (i1, Yit1)s - - -, (2, y;) satisfies
Bij = min {(z; — zi + ye—1 — y;) + Big—1 + By} - (46)
1<t<j

[12] solved this recurrence in O(n?) time. As noted in [6] it is actually easy to
see that in the RSMA problem, w(i,t,j) = x¢y — x; + y.—1 — y; satisfies the QI
and is monotone in the lattice of intervals so the BG extension automatically
speeds this up to O(n?) time.

We now generalize our decompositions to the BG recurrence.
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Definition 14 For 1 <d <n and 0 <r < k define the (n —d+ 1) x (n+ 1)
matriz D" by

pir _ w(it,i+d) +aB;1 ) +0Britdgr), if 0<i<t<it+d<m
Wt ) oo, otherwise.

(47)

Before proving that these matrices are Monge we must first prove the following
utility lemma:

Lemma 13 If w(i,t,7) satisfies the QI as defined by (43) and (44), then, for
alli <i' <t<t <j<j,

w(i,t, j)+w(@ v, i) <w(@, t,j)+w(E,t,j). (48)
Proof: From (43),

w(i,t,j) +w(@, 1, §) <w(i' t,5) +w(i, b, j),

w(i,t, j) +w(@,t, 7)) <w( t,i) +wi,t,5).

From (44),
w(i', ¢, §") +w(i t,5) <w(i ', 5) +w(i,t,5),

w(i,t', j") +w(it,j) <w(i,t,j) +w(it, ).

Summing up these four inequalities, subtracting equal parts from both sides
gives
2 [w(i,t, j) +w(i, ¢, j)] <2 [w@,t,j") +w(i, ¢, j)],

which yields the lemma. O

We now continue and show:

Lemma 14 If the function B; ;, defined in (42) satisfies the QI for fized r, and
w(i,t, ) satisfies the generalized QI, then, for each 1 < d <mn and 0 <r <k,
D" as defined by (47) is a Monge matriz, i.e., for all 0 < i < n —d and
0<t<n,
d, d, d, d,
Dy + Dy v < Dy + Dy (49)

Proof: If i+ 1 £ t or t £ i+ d, (49) is trivially true since the right hand side
is 0o. So we assume i + 1 <t < i+ d. Since B; ;, satisfies the QI,

a (Bz',t—l,f(r) + Bz‘+1,t,f(r)) sa (Bz'+1,t—1,f(r) + Bi,t,f(r)) ;

b (Bt,ier,g(r) + Bt+1,i+1+d,g(r)) <b (Bt,i+1+d,g(r) + Bt+1,i+d,g(r)) :
From Lemma 13,
w(i,t,i+d)+w(i@+1,t+1Li+1+d) <w(i+1,ti+1+d) +w(i,t+1,i+d).

Summing up these three inequalities yields (49). O
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Thus, as in Section 2, we can use the SMAWK algorithm to evaluate all of the
B; ; in O(n?) time.
We now again generalize the R/ and L' matrices:

Definition 15

g w(z’,t,j) + aBLt_Lf(r) + bBt,j,g(r)7 if 0<i<t<y;

Ry, = . (50)
b 0, otherwise.

Li,r _ w(ia t,j) + aBi,t—l,f('r) + bBt,j,g(r)u if i<t<j<my (51)
= i
J o0, otherwise.

Lemma 15 If the function B;j, defined in (42) satisfies the QI for fized r,
and w(i,t,j) satisfies the generalized QI, then for each 1 < i < j < n and
0<r <k, R" and L as defined by (50) and (51) are Monge matrices, i.e.,
forall0 <i<jand 0 <t <y,

j7r j’r j?r j7,rl
Ry + Ry < R+ Ry (52)
and for alli < j<nandi<t<mn,
@, 1,7 2,7 @,
Ly + Livie < Liya e + L (53)

Proof: We only give the proof of R?", as the proof of L¥" is symmetric. If
i+ 1 £ t, (52) is trivially true since the right hand side is co. So we assume
i+ 1 < t. Since B; ;, satisfies the QI,

a (Bi,tq,f(r) + Bz’+1,t,f(r)> <a (BiJrl,tfl,f(r) + Bi,t,f(r)) .
From (43) of Def. 12,
w(i,t,j) +wii+1,t+1,j) <w(i+1,t,7) +wli, t+1,5).

Finally, it is trivially true that

b (Bt,j,g(r) + Bt+1,j,g(r)> =b (Bt,j,g(r) + Bt+1,j,g(r)) :
Summing up these three inequalities yields (52). O

Again just the same way as Lemma 5 from Section 3 implied Lemma 2, our
new Lemma 15 implies Lemma 12.

As before, Lemma 15 implies that the two-sided online BG problem could
be solved in O(kn) time per step using the LARSCH algorithm. For example,
this implies that the two-sided online minimum cost Rectilinear Steiner Ar-
borescence problem (in which points could be added to the slide one at a time
from the left and the right) can be solved in O(n) worst-case time per step.
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