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I. I NTRODUCTION

A new paradigm in information transmission is introduced
for networks of cooperative cache servers [1]. Each file in
the network has an origin server which stores the entire file,
and all nodes of the network are potential clients for all files.
A file segment of any size can be cached at any of the
nodes. Satisfying requests is doneonline in the sense that
downloading along a path from nodea to node b can not
begin until a has received a request to do so fromb. The
downloading of a file to a client isseamlessif it incurs no
delay, i.e., it begins when the request is made and continues
without interruption until it is complete.

Minimal-cost seamless downloading, the new retrieval
paradigm, provides the seamlessness with a minimum total
amount of the file cached in the nodes of the network. This
notion is based on the partial caching concept [2] which
was introduced to overcome some of the disadvantages of
traditional cache replacement algorithms such as LRU and
LRU-threshold [3]. The main idea of partial caching is to store
an initial part of the file in the cache and to obtain the rest
of the file from the origin server. To realize this “perfect”
retrieval performance, i.e., stream-like downloading with no
initial delay, clients must be prepared to re-sequence segments
of a file received out of order. Thus, if the file is a video, for
example, the requesting node must experience an initial delay
during which some portion of the video is buffered before
streaming in the usual sense can begin.

The problem of implementing minimal-cost seamless down-
loading has interdependent, combinatorialallocation and
schedulingsubproblems. The solution to the allocation prob-
lem prescribes the file segments to be stored in different nodes
in the network, and the solution to the scheduling problem
specifies download schedules for each node that are based on
the allocation of file segments.

II. T HE SINGLE FILE PROBLEM ON TREE NETWORKS

WITH SIMULTANEOUS REQUESTS

This paper is confined to the following baseline problem:
minimal-cost online seamless downloading of a single file
in tree networks, with the root as the origin server, with
downloading allowed only in a root-to-leaf direction, and with
all file requests made at the same time. This time is taken to
be t = 0. A node immediately forwards upstream all requests
received from clients in its subtree. Downloading possibly

different file segments from a node to more than one of its
downstream neighbors can take place in parallel.

Formally, the tree networkT has a root noder that stores the
file F under consideration. The fileF := {1, 2, . . . ,M} is a
set ofM distinctunits. A unit is an arbitrary but fixed number
of bits that comprises the unit of storage and transmission.
Link transmission rates are all the same, and for convenience
are taken to be one file unit per unit of time. Link transmission
delays can vary, but are restricted to integers; they are the edge
labels of the tree. Letδv denote the transmission delay between
the non-root nodev and its parentp(v). If node p(v) starts
transmitting a unit of the file to nodev at timet, then nodev
starts receiving it at timet + δv. The file unit that nodev can
transmit downstream is either an element of its cache or has
just been received from upstream.

The rootr is the origin server for the file, but subsets ofF
are stored at the caches of different nodes in order to achieve
seamlessness. LetSv denote the set of file units cached at node
v, andUv(t) denote the unit thatv received from upstream at
time t. “At time t” here means that the reception is complete
at timet, and took place in the interval(t− 1, t]. A reception
schedule for a nodev is obtained by specifyingUv(t) for all
t, 1 ≤ t ≤ M .

The downloading is seamless if for every client nodew of
the treeT
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
 ⋃

2δw+1≤t≤M

{Uw(t)}

 = F (1)

In general, apart from request signalling, interior nodes of
a tree can perform two functions: they can serve as client
nodes as well as serving as forwarding nodes. In order to
minimize the total cache for seamless downloading, when a
request is made the (local) objective of every client is to obtain
as much of the file as possible from the rootr. Because parallel
downloading is allowed at any node, the seamless downloading
problem on trees decomposes into solvingindependentlythe
problem for each subtree of the root containing clients.

The first variant we consider is the CLIENT problem. An
instance of CLIENT consists of the edge-labeled tree, an
integerM denoting the number of units inF , and the subset
of nodes that are clients, and request the fileF at timet = 0.



III. A S OLUTION TO THE CLIENT PROBLEM

The seamless downloading constraint requires each client
node v to store enough units in its cache to cover at least
the two-way communication delay with its parentp(v). Thus,
the following simple, easily verified necessary condition for
solutions to CLIENT is obtained.

Lemma 1:A solution to an instance of CLIENT must
assign to each client nodev at least2δv file units.

It is convenient to introducereduced trees. For a given
instance of CLIENT, the tree is reduced if every non-root node
v is such that the subtree rooted atv has at least one client;
clearly, subtrees not having clients do not participate in the
seamless downloading problem. Denote the reduced tree by
T ′. In what follows, a cyclic shifting algorithm is described
that finds reception schedules and allocations simultaneously.

A SOLUTION. Begin with an arbitrary non-root node and give
it an arbitrary permutation of1, 2, ..., M , its sequence. Now
pick any node not having a sequence yet, sayu, but which has
a parent or a child already with its sequence. If the parentw
of u has a sequence, thenu’s sequence is obtained by shifting
w’s sequenceδu time units cyclically to the right, and ifw is a
child of u, thenu’s sequence is obtained by shifting cyclically
w’s sequenceδw to the left.

After we have sequences for all non-root nodes, consider
first the client nodes. The cache at one of these nodes, sayv,
contains simply the first2δv units of v’s sequence.

Finally, consider a non-client nodeu. If j > 0 is the earliest
time it receives a request, delete the first and lastj units of
u’s sequence. Then, make the cache ofu contain the next2δu

units of its sequence, (i.e., the unitsj +1 throughj +1+2δu

of u’s sequence).
The reception schedule of a nodev is easily obtained by

the units remaining in its indexed sequence after the above
elimination procedure.Uv(t) will just be the t-th unit in v’s
sequence.

Theorem 3.1:The above allocation-schedule pair achieves
seamless downloading to all clients, and is also of minimal
cost.

The proof that the allocation-schedule pair achieves seam-
less downloading is obtained by first showing that the recep-
tion schedule of any nodev confines to theonline transmission
constraint. Then, seamlessness follows from the observation
that the reception schedule of any client nodev is just a
permutation of1, 2, ...,M .

The allocation is obviously of minimal cost if all nodes of
the reduced tree are clients, because of Lemma 1.

To prove optimality in the case that some of the nodes of
the reduced tree are non-clients, consider the path from a non-
client nodev to the client nodeu whose request is earliest to
arrive atv. Let δuv be the total delay fromu to the parent ofv.
The key observation is that to achieve seamlessness, the union
of the caches in the above path must have at least2δuv distinct
file units. The reason for this is that the file units scheduled,
but not cached, at clientu were downloaded just in response

to u’s request; sinceu was an earliest requesting node, it can
not “intercept” and exploit downloading already in progress
in response to the request of some other node. Our scheme
allocates exactly2δuv file units along this path, and hence it
is optimal.

IV. OTHER PROBLEM VARIATIONS OF INTEREST

Another problem we have considered is the ANY-CLIENT
problem, an instance of which consists only of the labeled tree
and M . A solution to this problem specifies a minimal total
allocation of units to caches such that seamless downloading
can be accomplished no matter which subset of nodes is
chosen for clients (again, all requests are made att = 0).
A solution to this problem is not generally obtainable as a
solution to CLIENT with all nodes specified as clients. (The
allocation in the latter solution does not generally ensure
seamlessness when any given (proper) subset of non-root
nodes is chosen as the set of clients.)

Other problems we are considering include CLIENT-
RELEASE in which the times at which the client nodes make
their requests, (releasetimes in scheduling jargon), are allowed
to be arbitrary integers which become part of the problem
instance.

For the CLIENT problem, as we have seen, there is an
allocation which achieves seamlessness in which every non-
root nodev stores2δv units (this is the minimal cost allocation
with respect to the overall cache). An interesting question we
are pursuing is the following: From the set of minimal cost
allocations that achieve seamlessness, which allocation also
minimizes the maximum delay until streaming can begin at
each client?

V. CONCLUDING REMARKS

Multiple-file problems, trees where file units can also
go upstream, structures more general than trees, and non-
homogeneous link transmission rates are among the many
directions for future research that we are pursuing.
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