Optimal competitiveness for Symmetric
Rectilinear Steiner Arborescence
and related problems

Erez Kantor'* and Shay Kutten?**

L MIT CSAIL, Cambridge, MA erezk@csail.mit.edu,
2 Technion, Haifa 32000, Israel. kutten@ie.technion.ac.il

Abstract. We present optimal competitive algorithms for two interre-
lated known problems involving Steiner Arborescence. One is the contin-
uous problem of the Symmetric Rectilinear Steiner Arborescence (SRSA),
whose online version was studied by Berman and Coulston as a sym-
metric version of the known Rectilinear Steiner Arborescence (RSA)
problem. A very related, but discrete problem (studied separately in the
past) is the online Multimedia Content Delivery (M CD) problem on
line networks, presented originally by Papadimitriou, Ramanathan, and
Rangan. An efficient content delivery was modeled as a low cost Steiner
arborescence in a grid of networkxtime they defined. We study here
the version studied by Charikar, Halperin, and Motwani (who used the
same problem definitions, but removed some constraints on the inputs).
The bounds on the competitive ratios introduced separately in the above
papers were similar for the two problems: O(log N) for the continuous
problem and O(logn) for the network problem, where N was the num-
ber of terminals to serve, and n was the size of the network. The lower
bounds were 2(v/log N) and £2(y/logn) correspondingly.

Berman and Coulston conjectured that both the upper bound and
the lower bound could be improved. We disprove this conjecture and
close these quadratic gaps for both problems. We present determinis-
tic algorithms that are competitive optimal: O(y/log N) for SRSA and
O(min{+/logn, v/log N}) for MC D, matching the lower bounds for these
two online problems. We also present a 2(+/logn) lower bound on the
competitiveness of any randomized algorithm that solves the online MCD
problem.

1 Introduction

We present optimal online algorithms for two known interrelated problems in-
volving Steiner Arborescences. The continuous one is the Symmetric Rectilinear
Steiner Arborescence (SRSA) problem [3,5]. The online Steiner arborescence
problems are useful in modeling the time dimension in a process. Intuitively
(see, e.g. Papadimitriou at al., [11]), directed edges represent the passing of
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time. Since there is no way to go back in time in such processes, all the di-
rected edges are directed away from the initial state of the problem, resulting in
an arborescence. Additional examples given in the literature included processes
in constructing a Very Large Scale Integrated electronic circuits (VLSI), opti-
mization problems computed in iterations (where it was not feasible to return
to results of earlier iterations), dynamic programming, and problems involving
DNA, see, e.g. [3,5,8,2].

The SRS A problem: A rectilinear line segment in the plane is either horizontal
or vertical. A rectilinear path contains only rectilinear line segments. This path is
also y-monotone if during the traversal, the y coordinates of the successive points
are never decreasing. The input is a set of requests R = {(x1,41), ..., (N, Yyn)}
called Steiner terminals (or points) in the positive quadrant of the plane. A
feasible solution to the problem is a set of rectilinear segments connecting all
the IV terminals to the origin, where the path from the origin to each terminal
is a rectilinear y-monotone path. The goal is to find a feasible solution in which
the sum of lengths of all the segments is the minimum possible. If we also had
require the path connecting the origin to any point to be some shortest path
(both z-monotone and y-monotone), then the problem would have been referred
to as the Rectilinear Steiner Arborescence (RSA) problem [9,14, 3,10, 6].

Online model: In the online version of SRSA [3], the given points are pre-
sented to the algorithm with nondecreasing y-coordinates. After receiving a new
given point (terminal), the on-line SRSA algorithm must extend the existing
arborescence solution to incorporate the new point. There are two limitations:
(1) a line, once drawn, cannot be deleted, and (2) lines can only be drawn in the
region between the previous given point y-coordinates and upwards.

A very related, but discrete problem is the online Multimedia Content De-
livery (M C D) problem on line networks, presented originally by Papadimitriou,
Ramanathan, and Rangan [11]. (The formal definitions appear in Section 2). The
MCD problem considered a movie residing initially at some origin node and a
set of requests, each arriving at some node at some time. Serving a request at a
node v at time ¢ meant delivering a movie copy to the requesting node v from
some node u which has a copy at time t; or delivering a copy to v at some time
t' <t from u (which has a copy at time t') and then storing the copy at v from
time ¢ until time ¢.

There are two types of costs, the delivery cost associated with the cost of
sending a movie copy over the network edges and the storage cost associated
with the cost of storing a copies at the nodes. MCD captured the tradeoff
between the storage and the delivery costs. The goal is to serve all the requests
with minimal costs. An example of an algorithm would be to store, always, a
movie copy at the origin and serve every request by delivering a copy from the
origin at the time of the request. Such an algorithm would incur a high delivery
cost. Alternatively, a copy already delivered to some nodes, could be stored there,
and delivered later from there. This could reduce delivery costs, but incur storage
costs. Papadimitriou et al. defined a grid of networkxtime (detailed in Section
2), were a request at a node u at time ¢ was translated into a grid point (u,t). A



copy stored at a node u they modeled as an edge along the “time dimension” in
the above grid (from grid point (u,t) to grid point (u,t+ 1)), while the delivery
they modeled as edges along the “network dimension”. A solution (an efficient
content delivery plan), was modeled as a low cost Steiner arborescence leading
from the origin (node 0 at time 0) to all the requests (the Steiner points). Since
time is irreversible, their Steiner tree was (semi) directed away from the origin.

Papadimitriou et al. assumed some constraints on the input. Those con-
straints were lifted in the paper of Charikar, Halperin and Motwani [4]. The
upper bound (in Charikar et al.) on the competitive ratio was O(logn) for the
network problem (where n was the size of the network) and the lower bound was
£2(v/logn). The bounds of Berman and Coulston for SRSA were very similar.
The upper bound was O(log N), where N was the number of terminals®. The
lower bound was 2(y/log V). Clearly, these upper bounds were quadratic in the
lower bounds. Berman and Coulston conjectured that both the upper bound and
the lower bound could be improved.

Our results. In this paper, we disprove the above conjecture and close these
quadratic gaps for both problems. We first present an O(y/logn) deterministic
competitive algorithm for M CD on the line. We then translate the online algo-
rithm to become a competitive optimal algorithm SRSA® for SRSA. The com-
petitive ratio is O(y/log N). Finally, we translate SRSA°™ back to solve the MCD
problem. This reverse translation improves the upper bound to O(min{+/logn,
V1og N}). That is, this final algorithm is competitive optimal for MCD even
in the case that the number of requests is small. Intuitively, the “reverse trans-
lation” gets rid of the dependance on the network size, using the fact that in
the definition of SRSA, there is no network. (This last trick may be a useful
twist on the common idea of a translation between continuous and discrete prob-
lems). We also present an §2(+/logn) lower bound on the competitiveness of any
randomized algorithm that solves the online MCD problem.

Some additional related work. As pointed out in [4], MCD also motivated
as a variant of a problem that is useful for data structures for the maintenance
of kinematic structures, with numerous applications. Of course, Steiner trees,
in general, have many applications, see e.g. [7] for a rather early survey that
already included hundreds of items. SRS A is a variant of the Rectilinear Steiner
Arborescence (continuous) problem RSA. The offline version of RS A was studied
e.g. by Rao, Sadayappan, Hwang, and Shor [14]. RSA was attributed to [10, 6]
who gave two different exponential time algorithms. PTAS for RSA and SRSA
were presented by [9] and [5], respectively. A generalization of the logarithmic
upper bound of online MCD to general networks appears in [1].

Paper structure. Section 3 contains an optimal upper bound on the competi-
tive ratio for M C'D as a function of the network size. In Section 4, the above is
translated to a tight upper bound for SRS A. In Section 5, we use the solution of

3 In fact, the parameter they used was p, the normalized size of the network. For
simplicity, we present results for n, the size of the network. However, the same
results for p follow easily from Sections 4 and 5.



SRS A in order to improve the solution of MCD (to be optimal also as a func-
tion of the number of terminals). Finally, Section 6 includes the lower bound for
randomized algorithms. Because of space considerations, most of the details in
the last three sections were moved and will appear in the full version.

2 Preliminaries

The SRSA problem and its online version was given in the introduction. This
section contains formal definitions and notations for the network xtime grid, as
well as the M C'D problem and its online version on that grid. Finally, it contains
the offline algorithm of [4] for M CD, which we use later as a tool.

The networkxtime grid A line network L(n) = (V,, E,) is a network whose
vertex set is V,, = {1, ...,n} and its edge set is E,, = {(4,i+ 1) |i=1,....,n—1}.
Given a line network L(n) = (V,, E,), construct ”time-line” graph L(n) =
(Vn, &), intuitively, by “layering” multiple replicas of L(n), one per time unit,
where in addition, each node in each replica is connected to the same node in
the next replica . Formally, the node set V,, contains a node replica (sometimes
called just a replica) (v,t) of every v € V,, for every time step ¢ € N. That
is, Vi, = {(v,t) | v € V,,,t € N}. The set of edges &, = H, U A, contains
horizontal edges H,, = {((u,t), (v,t)) | (u,v) € E,,t € N}, connecting network
edges in every time step (round), and directed vertical edges, called arcs, A, =
{((v,t), (v,t + 1)) | v € V,,,t € N}, connecting different copies of V;,. When it
is clear from the context, we may omit n from X, and write just X, for every
X e {V,E,V,H, A}. Notice that L(n) can be viewed geometrically as a grid of
n by oo whose grid points are the replicas. Let d((u, s), (v,t)) be the distance
from (u, s) to (v,t). Formally, d((u, s), (v,t)) = t— s+ |v—u]| (if s < t, otherwise,
00).

MCD: We are given a line network L(n), an origin node vg € V, and a set of
requests R C V. A feasible solution is a subset of edges F C & such that for every
request € R, there exists a path in F from the origin (vg, 0) to r. A horizontal
edge ((v,t), (v+1,t)) € FNH stands for sending a copy of the movie (or copy,
for short) from node v to node v + 1, or from node v + 1 to node v at time ¢,
while a vertical (directed) edge ((v,t), (v,t+ 1)) € F N A stands for keeping the
movie in v’s cache at time step ¢ for time ¢ + 1. For convenience, the endpoints
Vr of edges in F are also considered parts of the solution. For a given algorithm
A, let F4 be the solution of A, and let cost(A, R), (the cost of algorithm A), be
|Fa]. The goal is to find a minimum cost feasible solution. In our analysis, OPT
is the set of edges in some optimal solution whose cost is |OPT|.

Online model In the online versions of the problem, the algorithm receives as
input a sequence of events. One type of events is a request in the (ordered) set
R of requests R = {r1,r2,...,rn} (like in SRSA). A second type of events is a
time event (this event does not exists in SRSA), where we assume a clock that
tells the algorithm that no additional requests for time ¢ are about to arrive (or
that there are no requests for some time t at all). The algorithm then still has
the opportunity to complete its calculation for time ¢ (e.g., add arcs from some
replica (v,t) to (v, + 1)). Then time ¢t + 1 arrives.



When handling an event ev, the algorithm only knows the following: (a) all
the previous requests 71, ..., 7; (b) time ¢; and (c¢) the solution arborescence F,
it constructed so far (originally containing only the origin). In each event, the
algorithm may need to make decisions of two types, before seeing future events:

(1.MCD) If the event is the arrival of a request r; = (v;,t;), then from which current
(time t;) cache (a point already in the solution arborescence F., when r;
arrives) to serve r; by adding horizontal edges to Fe,.

(2.MCD) 1If this is the time event for time ¢, then at which nodes to store a copy for
time ¢ + 1, for future use: select some replica (or replicas) (v,t) already in
the solution F, and add to F., an edge directed from (v,t) to (v,t+ 1).

Note that, at time ¢, the online algorithm cannot add nor delete any edge with
an endpoint that corresponds to previous times. Similarly to e.g. [1,11,13,12,

4], we assume that at least one copy must remain in the network at all times?.

A tool: the offline algorithm TRIANGLE of Charikar et al. Consider a
request set R = {ro = (v9,0),71 = (v1,%1),....,'n = (vn,tn)} such that 0 <
t1 <ty < ... < ty. When Algorithm TRIANGLE starts, the solution includes
just 7o = (vp,0) (intuitively, a “pseudo request”). Then, TRIANGLE handles,
first, request rq, then request ro, etc... In handling a request r;, the algorithm
may add some (possibly “past”) edges to the solution. (It never deletes any edge

from the solution.) After handling r;, the solution is an arborescence rooted at r

that spans the request replicas rq, ..., ;. For each such request r; € R, TRIANGLE

performs the following.

(T1) Choose a replica qf = (ul,s]) s.t. ¢} is already in the solution and the
distance from ¢ to r; is minimum (over the replicas already in the solution).
Call ¢} the serving replica of r;.

(T2) Define the radius p} of r; as pf = d(q},r;). Also define the base® BASE(i)
of r; as the set of replicas at time ¢; of distance at most p} from r;. That is,
Basg(i) = {q = (v,t;) € V| d(ri,q) < p}}. Similarly, the edge base of r; is
BaSEy () ={(r,q) € H | r,q € BASE(9)}.

(T3) Deliver a copy to each replica in BASE(i). That is, node u] stores a copy from
time s} to time t;. More formally, add the arcs of Pa[(u],s]), (v}, t;)] =
{((uf,2), (uf, 24+ 1)) | sT <2 < t;} to the solution.

(T4) Deliver a copy to all replicas in BASE(:). That is, add all the edges of
BASEy (i) to the solution, except the ones that close circle® (if such exists).

It is easy to verify [4] that the cost of TRIANGLE for serving r; is at most
3p}. Denote by FT = HT U AT the feasible solution of TRIANGLE, where
HT C UN  Basey (i) and AT = UN  Pa[(u], sT), (uf,t;)]. Note that FT is an ar-
borescence rooted at (vg,0) spanning the base replicas of BASE = UY | BASE(i).
Rewording the theorem of [4], somewhat,

4 Alternatively, the system (not the algorithm) can have the option to delete the movie
altogether, this decision must then be made known to the algorithm. At least one of
these natural assumptions is also necessary for having a competitive algorithm.

® The word “base” comes from the notation used in [4] for Algorithm TRIANGLE.
There, BASE(%) is a base of the triangle.

5 For convenience of the analysis we want the solution to be a tree.



Theorem 21 [/] FT is a 3-approzimate solution. Also, Ef\il pf < |opT|.

3 Optimal online algorithm for MCD

Algorithm LINE®™. Like Algorithm TRIANGLE, Algorithm LINE®™ handles
requests one by one, according to the order of arrival. However, in step (T3),
TRIANGLE may perform an operation that no online algorithm can perform (if

sl < t;). Serving a request r; must be performed from some replica ¢

(u9™,t;) € V[t;] that holds a copy at time ¢; in the execution of the online
algorithm on R. Thus (in addition to selecting from which nodes to deliver
copies), algorithm LINe®! at time ¢; — 1 had to also select the nodes that store
copies for the consecutive time ¢; (so that ¢P™ mentioned above would be one of
them). Let us start with some definitions.

General definitions and notations. Consider an interval J = {v,v+1,...,v+
p} C V and two integers s,t € N, s.t. s < t. Let J[s,t] be the “rectangle
subgraph” of L(n) corresponding to vertex set J and time interval [s,t]. This
rectangle consists of the replicas and edges of the nodes of J corresponding to
time interval [s,t]. For a given subsets V' C V, H' C H and A’ C A, denote
by (1) V'[s,t] replicas of V' corresponding to times s, ..., t. Define similarly (2)
H'[s, t] for horizontal edges of H'; and (3) A’[s, t] arcs of A’. (When s = ¢, we may
write X[t] = X[s, ], for X € {J,V',H'}.) Consider also two nodes v,u € V. Let
Pul(v,t), (u,t)] = Py|(u,t), (v,t)] be the set of horizontal edges of the shortest
path from (v,t) to (u,t).

Partitions of [1,n] into intervals. Define m = n/A for some positive integer
A to be chosen later. For convenience, we assume that m = n/A is a power of 2.
(It is trivial to generalize it). Define logm + 1 levels of partitions of the interval
[1,n]. In level I, partition [1,n] into m /2! = n/A2! intervals, I}, Ié,...,[fn/zl, each
of size A2!. Ié ={AG—1)-2"+ k| k=1,.., 42", for every 1 < j <m/2! and
every 0 <1 <logm. Let Z be the set of all such intervals. Let ¢(I) be the level
of an interval I € Z, i.e., /(I}) = I. We say that I is a level £(I) interval. Denote
by I'(v) (for every node v € V and every level [ = 0,...,logm) the interval in
level [ that contains v. That is, I'(v) = I, where k = Lﬁj + 1.

For a given interval Ijl- € 7, denote by NR(IJI-), for 1 < j < m/2' (respectively,
NL(IJZ.), for 1 < j < m/2') the neighbor interval of level [ that is on the right
(resp., left) of Ijl». That is, NL(IJl-) = I]l-_1 and NR(Ié) = I§+1. Define that
NL(IZ) = () and NR(I:'R/W) = 0. Let N(I) = NE(I)UT UNE(I). We say that
N(I) is the neighborhood of I.

Active intervals. An interval I € T is called active at time ¢, if BASEN I]t —
2¢) 4] # ). Intuitively, TRIANGLE kept a movie copy in, at least, one of the
nodes of I, at least once, and “not too long” before time t. We say that I
stays-active, intuitively, if I is not “just about to stop being active”, that is, if
Base NIt — 20 1, ] # 0.

Denote by Cy41 the set of replicas corresponding to the nodes that store
copies from time ¢ to time ¢+ 1 in a LINE®™ execution. Also, Cy = {ro = (v0,0)}



(we choose to store a copy in vy always). To help us later in the analysis, we also
added an auxiliary set commIT C {(I,t) | I € Z,t € N}. Initially, cOMMIT <+ 0.
For each time ¢t = 0,1,2,..., consider first the case that there exists at least
one request corresponding to time ¢, i.e., R[t] = {rj,...,7x} # 0. Then, for each
request r; € R[t], LINE®" simulates TRIANGLE to find the radius p; and the
set of base replicas BASE(i) of ;. Next, LINE®™ delivers a copy to every such
base replica r € BASE(4) (this is called the “delivery phase”). That is, for each
i=73,....,k do:

(D1) choose a closest (to r;) replica ¢?™ = (u®™, t) of time ¢ already in the solution;
(D2) add the path HO%(i) = Py [¢P™, r;] U BASE« (i) to the solution.

Let V(i) = {r | (r,q) € H°™(i)}. (Note that r; is served from C;, after that,
141 is served from C, UV (j), etc.) Clearly, the delivery phase of time ¢ ensures
that (at least) the nodes of C; U BASE[t] have copies at the end of that phase.
It is left to decide which of the above copies to store for time ¢ 4+ 1. That is
(the “storage phase”), LINE®™ chooses the set C;11 C C; U BASE[t]. Initially,
Cit1 + {(vo,t+ 1)} (as we choose to store a copy at vg). Then, for each level
l=0,...,logm, in an increasing order, select as follows.

(S1) While there exists a level [ interval I € Z that is (i) stays-active at ¢; but (i)
no replica has been selected in I’s neighborhood (i.e., C;11 NN (I)[t+1] = 0),
then perform steps (S1.1-S1.3) below.

(S1.1) Add the tuple (I,t) to the set COMMIT (we say that I commits at time t).

(1.2

S1.2) Select some replica (v,t) € BASE[t] UC; such that v € N(I) (by Observation

1 below, such a replica does exist).

(S1.3) Add (v,t+ 1) to Ci41 and add the arc ((v,t), (v,t 4+ 1)) to the solution.

The pseudo code of LINE®™ and an example for an execution of LINE?™ are given
in the full version. The solution constructed by LINE®™ is denoted FOI = #°yU
AP where HOM = UN HO%(i) represents the horizontal edges added in the
delivery phases and A" = {((v,t), (v,t4+1)) | (v,t+1) € Ci4q and t =0, ..., tn}
represents the arcs added in the storage phase. Before the main analysis, we
make some easy-to-prove but crucial observations. For completeness, their proofs
appear in full version (however, they are pretty clear from step S1). Recall that
the notation of active (including stays-active) refer to the fact that the nodes of
some base replicas belong to some interval I in the (“recent”) past. Observations
1 and 2 state, intuitively, that LINE?™ leaves a copy in the neighborhood N (I)
of I as long as I is active.

Observation 1 (“WELL DEFINED”). If an interval I € T is stays-active at time
t, then there exists a replica (v,t) € C; UBASE[t] such that v € N(I).

Observation 2 (“AN ACTIVE INTERVAL HAS A NEARBY COPY”). If an interval
I is active at time t, then, either (i) there is some base replica in I’s neighborhood
at t (BASENN(I)[t] # (), or (ii) at least one of the nodes of N(I) stores a copy
for time t (N(D)[t]NC; #0).

Observation 3 (“BOUND FROM ABOVE ON [A°%|7). |A°"| < |coMMIT| + ¢y .



3.1 Analysis of LINE®®

LINg?® R
We, actually, prove that Co?:?%m AN GL§, ;2) = O(y/logn). This implies the de-

sired competitive ratio of O(y/logn) by Theorem 21. We first show, that the num-
ber of horizontal edges in HOM ( “delivery cost”) is O (A - cost(TRIANGLE R)).
Then, we show, that the the number of arcs in A™ (“storage cost”) is O(=% logn
cost(TRIANGLE, R)). Optimizing A, we get a competitiveness of O(v/log n)

Delivery cost analysis. For each request r; € R, the delivery phase (step
(D2)) adds H" (i) = Py [qi ,7i] UBASE () to the solution. Define the online
radius of r; as p™ = d(¢"™, ;). Smce |BAsEy (1) < 2pf, it follows that,

HO"| < Z n 4 2pT) (1)

It remains to bound p™ as a function of p] from above. Intuitively, pi includes
the distance from some base replica ¢; = (u;, ;) € BASE to r; = (v;,t;). That is,
p¥ includes the distance from v; to u; and the time difference between s; and ¢;.
Restating Observation 2 somewhat differently (Claim 4 below), we can use the
distance |v; — u;| < piT and the time difference t; — s; < pZ-T for bounding p™.
That is, we show that LINE®™ has a copy at time t; (of ;) at a distance at most
4ApF from u; (of ¢;). Since, |vi, u;| < p¥, LINE®™ has a copy at distance at most
(4A + 1)pf from v; (of r;). Throughout, since lack of space some of the proofs
are omitted.

Lemma 4 Consider some base replica (v,t) € BASE and some p > 0, such that,
t+p < tn. Then, there exists a replica (w,t+p) € Ciy, such that [v—w| < 4Ap.

Lemma 5 pf" < (4A+1) - p;

The following corollary follows from the above lemma, Ineq. (1) and Theorem
21.

Corollary 1. [H°| < (4A +3) - |oPT).

Storage cost analysis. By Observation 3, it remains to bound the size of
|coMMmIT| from above. Let commit(I,t) = 1 if (I,t) € cOMMIT (otherwise 0).
Hence, [commIT| = 37, 7 D72 commit(I,t). We begin by bounding the number
of commitments in LINE®™ made by level [ = 0 intervals.
Observation 6 ;. ez y)=o} cOmmit(l,t) < |BASE|.

The following is our main lemma,;

Lemma 7 |[commit| < 3|AT| 4 $1%2|9/T| + |Bask|.



Proof sketch. The |BASE| term in the statement of the lemma follows from
Observation 6 for level [ = 0 intervals. The rest of the proof deals with commit-
ments in intervals I € Z whose level ¢(I) > 0. We now group the commitments
of each such an interval into “bins”. Later, we shall “charge” the commitments
in each bin on certain costs of the offline algorithm TRIANGLE.

Consider an input R and some interval I € T of level £(I) > 0. We say
that I is a committed-interval if I commits at least once in the execution of
LINe®™ on R. For each committed-interval I (of level £(I) > 0), we define
(almost) non-overlapping “sessions” (one session may end at the same time
the next session starts; hence, two consecutive sessions may overlap on their
boundaries). The first session of I does not contain any commitments (and is
termed an uncommitted-session); it begins at time 0 and ends at the first time
that I contains some base replica. Every other session (of I) contains at least
one commitment (and is termed a committed-session).

Each commitment (in LINE®™) of T belongs to some committed session. Given
a commitment (I,¢) € COMMIT that I makes at time ¢, let us identify (I,t)’s
session. Let ¢~ < t be the last time (before t) there was a base replica in I.
Similarly, let t+ > t be the next time (after t) there will be a base replica in
I (if such a time does exist; otherwise, t+ = 00). The session of commitment
(I,t) starts at ¢~ and ends at ¢. Similarly, when talking about the i’s session
of interval I, we say that the session starts at ¢; (I) and ends at t; (I). When [
is clear from the context, we may omit (I) and write ¢;, t;. A bin is a couple
(1,4) of a commitment-interval and the ith commitment-session of I. Clearly, we
assigned all the commitments (of level [ > 0 intervals) into bins.

Observation 8 The bins do not overlap (except, perhaps, on their boundaries).

Let us now point at costs of algorithm TRIANGLE on which we shall “charge”
the set of commitments cOMMIT(/,%) in bin (,4). We now consider only a bin
(I,7) whose committed session is not the last. Note that the bin corresponds to
a rectangle of |I| by ¢ —t; replicas. Expand the bin by |I| replicas left and |1|
replicas right, if such exist (to I’s neighborhood N(I)). This yields the payer of
bin (1,4); that is the payer is a rectangle subgraph of |[N(I)| by ¢; —t; replicas.
We point at specific costs TRIANGLE had in this payer.

Recall that every session of I, except may the last, must ends with a base
replicain I. Let (v,t;) € BASENI[t;] be some base replica in I at the ending time
of the session. The solution of TRIANGLE must contain a route (TRIANGLE route)
that starts at the root and reaches (v,t;") by the definition of a base replica. For
the charging, we use some (detailed below) of the edges in the intersection of
the TRIANGLE route and the payer rectangle.

The easiest case (EB, for Entrance from Below) is that the TRIANGLE route
enters the payer at the payer’s bottom (¢; ) and stays in the payer until ¢;". Then,
each time (t; <t < t;7) there is a commitment in the bin, there is also an arc a,
in the TRIANGLE route (from time ¢ to time ¢4 1). We charge that commitment
on that arc a;. Intuitively, the same arc a; may be charged also for one bin on the
left of (I,7) and one bin on its right, since the payer rectangles are 3 times wider
than the bins. Note that arc a; may also belong to additional O(logn) payers (of



bins of intervals that contain I or are contained in I). The crucial point is that
ay is not charged for those additional bins. That is, we claim that there are no
commitments for those other bins. Intuitively, LINE®™ was designed such that
if I commits at time ¢, LINE®™ also stores a copy in I’s neighborhood for time
t+ 1. Hence, an interval J whose neighborhood contains the neighborhood of I,
does not need to commit (and the test fails in (S1) in LINE®™). Thus, an arc of
the TRIANGLE route is charged only by 3 commitments at most.

In the remaining case (SE, for Side Entrance), the TRIANGLE route enters
the payer from either the left or the right side of the payer. (That is, TRIANGLE
delivers a copy from some other node u outside I's neighborhood, rather than
stores copies at I’s neighborhood from some earlier time. Therefore, the route
must “cross” either the left neighbor interval of I or the right neighbor interval
in that payer. Thus, there exists at least |I| = A2¢0) horizontal edges in the
intersection between the payer (payer(I,i)), of (I,i) and the TRIANGLE route.
On the other hand, the number of commitments in bin (I,) is 2°(/) at most.
(To commit, an interval must be active; to be active, it needs a base replica
in the last 2¢) times; a new base replica would end the session.) That is, we
charged the payer A times more horizontal edges than there are commitments in
the bin. On the other hand, each horizontal edge participates in O(logn) payers
(payers of 3 intervals at most in each level; and payers of 2 bins of each interval
at most, since two consecutive sessions may intersect only at their boundaries).
This leads to the term 61"# before the |H™| in the statement of the lemma.

For each interval I, it is left to account for commitments in I’s last session.
That is, we now handle the bin (7,i’) where I has i’ commitment-sessions. This
session may not end with a base replica in I, so we cannot apply the argument
above that TRIANGLE must have a route reaching a replica in I at tj,. On the
other hand, the first session of I (the uncommitted-session) does end with a base
replica in I, but has no commitments. Intuitively, we use the payer of the first
session of I to pay for the commitments of the last session of I. Specifically, in
the first session, the TRIANGLE route must enter the neighborhood of I from the
side; (Note that the TRIANGLE route still starts outside /; this because the origin
vo who holds a copy, is not in I’s neighborhood; otherwise, I would not have
been a committed interval.) Hence, we apply the argument of case SE above.
(End of Proof sketch.) 1

We now optimize a tradeoff between the storage coast and the delivery cost of
LiNe®™. On the one hand, Lemma 7 shows that a large A reduces the number of
commitments. By Observation 3, this means a large A reduces the storage cost of
LiNE®™. On the other hand, corollary 1 shows that a small A reduces the delivery
cost. To balance this tradeoff, we need to “manipulate” Lemma 7 somewhat,
since it uses variables that are different from those used in corollary 1. We use
the following observation (1) ty < |oPT| < cost(TRIANGLE,R); (2) |AT| +
|HT| = cost(TRIANGLE, R); and (3) |BASE| < cost(TRIANGLE, R). Substituting
the above (1)—(3) in Observation 3 and Lemma 7,

A% < (5+ 3logn

) - cost(TRIANGLE, R). (2)



To optimize the tradeoff, fix A = y/101log n. Corollary 1, and inequality (2) imply
that cost(LINE™ | R) = |AD| + |HOR| < (8 + /10Tlogn) - cost(TRIANGLE, R).
Thus, by Theorem 21, the following holds.

Theorem 31 LINE®™ is O(y/Togn)-competitive for MCD on the line network.

4 Optimal online algorithm for SRSA

Note that our solution for M CD (Section 3) does not yet solve SRSA. In MCD,
the X coordinate of every request (in the set R) is taken from a known set of
size n (the network nodes {1,2,...,n}). On the other hand, in SRSA, the X
coordinate of a point is arbitrary. Let us now transform, in three concenptual
stages LINE?™ into an optimal algorithm for the online problem of SRSA:

1. Given an instance of SRSA, assume temporarily (and remove the assump-
tion later) that the number N of points is known, as well as M, the maximum
X coordinate any request may have. Then, simulate a network where n > N
and n = O(y/log N), and the n nodes are spaced evenly on the interval be-
tween 0 and M. Transform each SRSA request to the nearest grid point.
Solve the resulting M CD problem.

2. Translate these results to results of the original SRS A instance.

3. Get rid of the assumptions.

% The first stage is easy. It s.out that “getti i the ass tions” i
also relatrlvefy §as31/ & Simu éltrentheuassump on l‘ﬁ%a%l(}\ffls lr11<novvr111,m e that

M is some M;. Whenever a guess fails, (a request r; = (x;,t;) arrives, where
x; > Mj;), continue with an increased guess M;yi. A similar trick is used for
guessing N. In implementing this idea, our algorithm turned out paying a cost
of ¥ M; (M; for a failed guess), while an algorithm that knew M could pay M
only once. IF M4, is “sufficiently” larger than M;, then Y M; = O(M). The
“sufficiently larger” part turned out somewhat trickier for guessing N than for
guessing M.

The second stage above (translate the results) proved to be more difficult,
even in the case that N and M are known (and even equal). Intuitively, following
the first stage, each request r; = (x;, ;) is in some grid square, where the corners
of the square are points of the simulated M C'D problem. If we normalize M to be
N, then the left bottom left corner of that square is (|z;], |¢;])). Had we wanted
an offline algorithm, we could have solved an instance of MCD, where the
points are (|z1], [t1]), (|x2], [t2]), (lz3], |t3]), ... Then, translating the results
of MCD would have meant just augmenting with segments connecting each
(lzi], [ti]) to (x4, ¢;). Unfortunately, this is not possible in an online algorithm,
since (z;,1;) is not yet known at (|¢;]). Similarly, we cannot use the upper left
corner of the square (for example) that way, since at time [¢;], the algorithm
may no longer be allowed to add segments reaching the earlier time ¢,. Because
of the lack of space, we moved the rest of this proof.

Theorem 41 Algorithm SRSA®Y is optimal and is O(/log N)-competitive.



5 Optimizing MCD for a small number of requests

Algorithm LINE®™ was optimal only as the function of the network size (Theorem
31). Recall that our solution for SRS A was optimal as a function of the number
of requests. We transform that algorithm back to solve M C'D, and obtain the

promised competitiveness, O(min{/logn, v/log N}).

6 Randomized Lower Bound for Line Networks

Our lower bound on the competitive ratio of randomized algorithms then follows
from Yaos min-max principle [15] appears in the full version.

Theorem 61 The competitive ratio of any randomized online algorithm for
MCD on line networks £2(</logn).
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