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1. INTRODUCTION
We introduce a new paradigm in information transmission, the

concept ofSEAMLESS TRANSMISSION, whereby any client in a
network requesting a file starts receiving it immediately, and ex-
periences no delays throughout the remainder of the download-
ing time. 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 [1]. 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 achieve the maximal retrieval performance of
seamless transmission, clients must be prepared to re-sequence seg-
ments of the files received out of order. With this caveat, seamless
transmission can be viewed as a way to implement strict quality of
service (QoS) guarantees to all clients of a network. This paper
gives a provably correct technique for achieving seamlessness for a
given file located at the root node in a tree structured network.

The SEAMLESS TRANSMISSION PROBLEMhas interdependent,
combinatorialallocation andschedulingsubproblems. The solu-
tion to the allocation problem prescribes the subsets of file seg-
ments to be stored in different nodes in the network, and the solu-
tion to the deterministic scheduling problem specifies transmission
schedules for each node based on the given allocation of file seg-
ments. In the systems being modeled, cache capacity is at a pre-
mium, so our goal is to find solutions that minimize required cache
capacity without sacrificing seamless transmission.

2. THE SINGLE FILE PROBLEM ON TREE
NETWORKS

A tree networkT = (V, E) has a root noder that stores the
file F under consideration, and functions as an origin server for the
file. The fileF := {1, 2, . . . , M} is a set ofM distinctunits, each
having an amount of data that a nodeu ∈ V can send out on any
link incident to it in one time unit. Nodev 6= r has a cache with
capacityCv ≥ 0 units and contents denoted bySv. Our focus is
on computingstatic cache allocations:Sv does not change over
time. Units fromF will be transmitted through the tree network to
a subset of the nodes (clients) requesting the file. In what follows,
p(v) is theparent, or upstream neighbor, ofv 6= r; v’s children are
v’s downstreamneighbors;Tv is the subtree ofT rooted atv.
REQUESTS: A requestspecifies a client nodev, and the timetv <
∞ when the request is made. A nodev can make at most one
request, and we settv = ∞ if it makes no request. Seamless
transmission requires that, for each request, we ensure that its client
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nodev has received all units ofF by time tv + |F |. These units
may be stored locally inv’s cache, or they may need to be retrieved
from upstream. Without loss of generality, we assume that there
are no ‘useless’ subtrees, i.e., a subtree rooted at a nodev for which
tu = ∞ for all u ∈ Tv.
TRANSMISSION: Nodes in the network start transmitting units of
data at integer timest. The transmission delay along edge(u, v) is
an integerδuv. For convenience,δv ≡ δvp(v). If v starts sending
a unit to u at time t, thenu starts receiving it at timet + δvu.
It is convenient to append to each nodev for which tv < ∞ a
downstream neighbor (leaf)w with δw = 0. This distinguishes the
set of clients as precisely the leaves of the tree without changing
the problem under consideration.

Only file requests are transmitted upstream, and only file units
are transmitted downstream. Atransmission stepfor nodev con-
sists of anupstreamanddownstreampart. Forv 6= r, Φv(t) de-
notesv’s upstream transmissionat time t. Such a transmission
corresponds to sending a request for the file tov’s parentp(v). As
such,Φv(t) can be viewed as containing a set of requests. The
system operates according to the following model.

1. Each leafv sends its request top(v) immediately, and when
a non-leaf nodev receives a request from a child, it immedi-
ately passes it upward.

2. A downstream transmissionstep atv at timet specifies what
units to send tov’s downstream neighbors. LetUv(t) be the
unit that v received from upstream at timet. Also, for a
downstream neighbor, sayw, of v, let Dv(w, t) denote the
unit transmitted tow at timet. “At time t” here means that
the transmission or reception is complete at timet, and took
place in the interval(t − 1, t]. Thus, for eachv, Uv(t) =
Dp(v)(v, t − δv). If v1, . . . , vc are the downstream neigh-
bors of v, downstream transmission at timet is a c-tuple
(u1, . . . , uc), whereui := Dv(vi, t) is either an element
of the cache or has just been received from upstream. For-
mally, for each nodev and each childvi of v, Dv(vi, t) ∈
Sv ∪ Uv(t) ∪ {ε} for all t. The null valueDv(vi, t) = ε
means that no unit is transmitted to neighborvi at timet.

3. Each node can transmit to any number of downstream neigh-
bors simultaneously, but it can not transmit to any specific
downstream neighbor until it receives a request from it. De-
note by t∗v the time at which an internal nodev receives
its first request from downstream. (For leaf nodesv, set
t∗v = tv). Then for each nodev and each childw of v, we
haveDv(w, t) = ε unless t > t∗w + δw.

We note that, for a given set of file requests, the timest∗v are all
easily computable recursively starting at the bottom of the tree and



usingt∗v = min
1≤i≤c

{t∗vi
+ δvi}.

In an instance of our seamless transmission problem, we are given
a transmission treeTr = (T, δ, C), whereδ is a vector giving the
link delays, andC is a vector giving the cache capacities, and a
file F to be transmitted. We are also given a collection of requests
(v, tv). The output for a given instance consists of anallocation-
schedulepair that achieves seamless transmission: For each clientv
making a request,v receives at every timet = tv +1, . . . , tv + |F |
a unit of the requested fileF which is different from those already
received.

The solution specifies schedules for the upstream and downstream
transmissions at each nodev at each timet which satisfy (i) for ev-
eryv, |Sv| ≤ Cv and (ii) the operational scheme enumerated in the
last section.

3. THE PROBLEM WITH SIMULTANEOUS
REQUESTS

We now specialize to instances of the problem where every re-
quest occurs at time0 (i.e., tv = 0 or ∞ for everyv). Thus our
focus is on the time period0 through |F |. For each nodev, let
Av denote the set of clients inTv. In the simultaneous-request
case, we can significantly narrow the time interval of interest: For
each nodev and each childw of v, we haveDv(w, t) = ε unless
t∗w + δw + 1 ≤ t ≤ M − (t∗w + δw).

Since each clientw has0 delay from its parentp(w) and can
thus receive units from upstream immediately, we chooseSw = ∅.
Using now the above constraint and the fact that for each clientw,
t∗w = δw = 0, the transmission is seamless if for every clientw of
the tree

⋃

1≤t≤M

{Uw(t)} = F (1)

We now present a solution for this version of the seamless trans-
mission problem. LetP be the path betweenv and u, and de-
note the one-way communication delay between nodesv andu as
d(v, u) =

∑
x∈P−v δx. It follows that in the simultaneous-request

problem,t∗v = min
w∈Av

{d(v, w)}. In addition, to avoid trivialities,

we make the ‘large file’ assumption:|F | > 2 · max
w∈Ar

{d(r, w)}.
A SOLUTION. In the scheme of section 2, for eachw ∈ Av,
Φv(d(v, w)) contains the file request from clientw. Assume that
r1, . . . , rb are the downstream neighbors ofr. Sincer stores the
whole file and can send any unit to any of its downstream neigh-
bors, let us concentrate on anyrj , 1 ≤ j ≤ b. Note here thatr re-
ceives the first request from a clientw ∈ Arj at timet = t∗rj

+δrj ,
and from eachw ∈ Arj at timet = d(r, w) = d(rj , w) + δrj .
Consider what the contents of the cache of each nodev should be.
The seamless transmission constraint requires each nodev ∈ Trj

to store enough units in its cache to cover at least the two-way com-
munication delay with its parentp(v). In other words, each node
v needs to have|Sv| ≥ 2δv. For ease of exposition, think ofv’s
cache as being composed of two disjoint sub-caches:S

′
v which

stores exactly enough units to cover the two-way communication
delay withp(v), andS

′′
v which stores all other necessary units re-

quired by clients inTv to achieve seamless transmission. We are
now in position to describe an allocation-schedule pair for which
we can prove seamless transmission.

THEOREM 3.1. Seamless transmission to all clientsw ∈ Arj is
achieved by the following scheme. The allocation policy is defined

by Cv ≥ |Sv| = |S′v|+ |S′′v |, where|S′v| = 2δv, and

|S′′v | = max

{
0, min

{
2d(r, p(v)), max

1≤i≤c
{t∗vi

+ δvi} − (t∗v + 2δv)

}}
,

(2)

S′v = {M − 2d(r, v) + 1, . . . , M − 2d(r, v) + 2δv}, (3)

S
′′
v =

{
Uv(t∗v + 2δv + 1), . . . , Uv(t∗v + 2δv + |S′′v |)

}
. (4)

Under the above allocation policy, the downstream transmission
schedule forr is defined by

Dr(rj , t) =





ε t ≤ t∗rj
+ δrj ,

M − 2 · (t− 1) t∗rj
+ δrj + 1 ≤ t ≤ d(M/2)e,

2 · t−M − 1 d(M/2)e+ 1 ≤ t ≤ M − (t∗rj
+ δrj ),

ε M − (t∗rj
+ δrj ) + 1 ≤ t ≤ M.

(5)

For a nodev ∈ Trj define the following two index sets

Λ
′
v = {t∗v + δv + 1, . . . , t∗v + δv + 2 · d(r, p(v))}

Λ
′′
v = {t∗v + δv + 2 · d(r, p(v)) + 1, . . . , M − (t∗v + δv)} (6)

Then, the downstream transmission schedule for nodev is

Dv(vi, t) = ε, t ≤ t∗vi
+ δvi ,⋃

t∈Λ
′
vi

{Dv(vi, t)} = {M − 2 · d(r, v) + 1, . . . , M},

Dv(vi, t) = Dr(rj , t− d(r, v)), t ∈ Λ
′′
vi

, (7)
⋃

t∈Λ
′′
vi

{Dv(vi, t)} = {1, . . . , M − 2 · (t∗vi
+ δvi + d(r, v))},

Dv(vi, t) = ε, M − (t∗vi
+ δvi) + 1 ≤ t ≤ M, 1 ≤ i ≤ c.

A proof that the downstream transmission schedule for nodev
is as described by (7) can exploit the inductive structure of trees.
Then, using (7) we can show that seamless transmission is achieved
by each client nodew ∈ Arj .

4. CONCLUDING REMARKS
Multiple-file problems, structures more general than trees, and

non-simultaneous requests are among the many directions for fu-
ture research that we are pursuing. A more general problem for
which we have results leaves the requesting nodes unspecified; the
solution must provide seamlessness for every subset of clients. Note
that the number of units a nodev must store in its cache is2δv ≤
|Sv| ≤ 2 · d(r, v). An important future question would be how
much can we decrease the required|Sv| to achieve seamless trans-
mission withk > 1 download channels, instead of the single chan-
nel assumed here.
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