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Abstract—With the proliferation of wireless cellular technology (e.g., 5G, 4G LTE), managing quality of experience (QoE)
for wireless clients streaming different videos over these networks
is becoming increasingly important. In this paper, we consider
the problem of managing playout stalls experienced by multiple
clients streaming different videos from a cellular base station.
We build on our prior work [1], where we formulate an epoch
based lead aware multiple video transmission (LMVT) problem
to minimize the total number of playout stalls experienced by
mobile clients. In [1], [2], we show that the LMVT problem is NPhard and propose a pseudo polynomial dynamic programming
solution and a simple greedy heuristic to solve the problem. In
this paper, we first show that even a simpler and less restrictive
version of the LMVT problem remains hard. We then design
a fully polynomial time approximation scheme (FPTAS) for the
LVMT problem by demonstrating that it is equivalent to the
S ANTA C LAUS P ROBLEM [3], [4]. The FPTAS provides a bounded
1
from the
performance guarantee, differing by a factor of 1+εB
optimal solution (where B is the number of time slots in an epoch
and ε is a small constant).

I.

I NTRODUCTION

With the growth of wireless cellular technology, managing
quality of experience (QoE) for mobile clients streaming
different videos from a cellular base station has become
increasingly important (Figure 1). We assume that the base
station stores pre-encoded videos and upon receiving requests,
streams videos to different clients. Each video consists of a
sequence of frames and if a mobile client does not receive a
frame by its playout time (the time by which a particular frame
has to be received at the client), the client stalls playout until
it receives the subsequent frames.
In this paper, we consider a scenario where multiple mobile
clients are streaming different variable bit rate (VBR) videos
from a base station over a time varying wireless channel. Our
goal is to design an efficient scheduling algorithm so as to
minimize the total number of playout stalls across all clients.
We assume that time is divided into slots and scheduling
decisions are taken at beginning of an epoch (which consists
of multiple slots). We build on our prior work [1], where we
formulate this problem as an optimization problem (called the
LMVT problem) that takes into account the VBR nature of
the video streams and varying channel quality at the clients
and allocates slots so as to maximize the minimum playout
lead in time across all videos in an epoch [1]. In [1], [2], we
showed that the LMVT problem is NP-hard, and proposed
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Figure 1.

A video streaming system

a psuedo polynomial dynamic programming solution and an
efficient greedy heuristic to solve the problem.
Our results: Our contributions in this paper are as follows.
1) We first show that a simpler and restrictive version of the
LMVT problem is hard. 2) We then design a fully polynomial
time approximation scheme (FPTAS) for the LVMT problem
by demonstrating that it is equivalent to the S ANTA C LAUS
P ROBLEM [3], [4], [5], [6]. The previous algorithms proposed
for the LMVT problem (e.g., the greedy algorithm in [1])
do not have any approximation guarantee. Nor it was known,
whether the LMVT problem is hard to approximate, or admits
an FPTAS. Our FPTAS provides a bounded performance
1
from the optimal
guarantee, differing by a factor of 1+εB
solution (where B is the number of time slots in an epoch
and ε is a small constant), while the greedy heuristic proposed
in [1] does not.
Before, delving into our problem in detail, we briefly
describe some of the related work in this space. Scheduling
algorithms for improving user QoE in cellular networks have
been proposed in literature; in [7], [8], the authors have
proposed greedy heuristics for optimizing mean opinion scores
for resource allocation in wireless networks. Our work is
closely related to the work presented in [9] where the authors
determine upper and lower bounds for stall-free video display.
But, unlike our work, they consider a single video stream.
II.

P ROBLEM S TATEMENT

In our streaming system (Figure 1), we assume that multiple mobile users are streaming different VBR videos from a
base station over a time varying wireless channel. We assume
that time is divided into slots and users can receive different
bit rates across time slots over the wireless channel. To also
accommodate for spatial variation in wireless channel quality,
we assume that bit rates for different users during a a particular

time slot could be different. Our goal is to design a scheduling
algorithm that executes periodically at the beginning of each
epoch (an epoch consists of multiple slots) and assigns time
slots to different users in such a way so as to minimize the
total number of playout stalls across all users.
Directly addressing the problem of stalls is difficult [1],
and so in our optimization framework, the server attempts to
distribute the stalls fairly among all clients by maximizing the
minimum playout lead in time. The playout lead in time of
a video corresponds to the amount of time a client can play
out a video without stalling using the data in its buffer, if it
does not receive any additional data. Note that because of the
VBR nature of the video streams, playout lead in terms of bits
does not directly correspond to playout lead in terms of time
and thus maximizing playout lead in bits does not lead to fair
allocation of playout stalls [1]. In reality the mapping between
bits and time is via some non-linear function φ.
Let us assume that there are n video streams and let li
and Li denote the playout lead in time at the beginning and
end of the epoch respectively. Note that li is a known constant
at the beginning of an epoch. Let Vi denote the number of
bits received during an epoch. Therefore, Li = li + φ(Vi ).
We assume that an epoch has B time slots and let rij denote
the bit rate received by the ith user in the j th time slot. Let
sij be a binary variable denoting that the ith user is allocated
PB
the j th slot. Therefore, we have Vi = j=1 sij rij . Thus the
scheduling problem (LMVT) which executes at the beginning
of each epoch can be stated as
Objective: max min{L1 , . . . , Ln }
subject to
1. sij ∈ {0, 1} , ∀i ≤ n, ∀j ≤ B
(1)
III.

BACKGROUND

In this section, we briefly describe some of our prior
contributions in [1]. In [1], we showed that the LMVT
problem is NP-Hard for a specific function φ which maps
lead in terms of bits received to the lead in terms of playout
time. The decision version of the LMVT problem is stated
below.
I NPUT: n videos in the channel, B slots in the epoch, the
bit rates rij ∈ Z+ for the n videos, a function φ(b) for
calculating the lead for b bits, and k ∈ Z+ .
Q UESTION : Is there an allocation of the B slots to the
n videos so that each video has a lead of at least k?
The hardness can be proved by reducing the SUBSET
SUM problem to the LMVT problem. A pseudo polynomial
time dynamic programming solution for the problem is
designed in [2]. The exponential complexity of the dynamic
programming solution makes it infeasible to implement in
practice. We then propose a simple playout lead-aware greedy
heuristic to solve the problem and demonstrate practical
efficacy of the greedy algorithm via trace based evaluation
[1], [2]. We present the dynamic programming solution
for this problem below and then proceed to highlight our
contributions in this work.

Input: n, the number of videos, B, the number of slots,
rij , the rate of video vi for slot j
Output: An allocation of the B slots over n videos
where the minimum number of bits received
by a video is maximized
n
Y
(bi max + 1) vectors where
Generate the
bi max =

B
X

i=1

rij ;

j=1

Construct the

n
Y

(bi max + 1) by n matrix of the vectors;

i=1

Have the truth value vector of length

n
Y

(bi max + 1);

i=1

Initialize the truth value of < 0, · · · , 0 > to true and
the rest to f alse;
for m = 1 to B do
foreach T x vector T do
if F (m − 1, T ) then
Set F (m, T ) to true;
end
else
for i = 1 to n do
if F (m − 1, Wi ) then
Set F (m, T ) to true;
break;
end
end
end
end
end
Return the T x vector T with the maximum min(bi )
value and with F (B, T ) true;
Algorithm 1: The exact dynamic programming algorithm

The Exact Dynamic Programming Algorithm
Define bi max to be the maximum number of bits that video
B
X
rij ,
vi can receive in an epoch. In other words, bi max =
j=1

is the number of bits vi would receive, if all the B slots
are allocated to it. Given m slots and n videos, a T x
(transmission) vector is an n-tuple < b1 , · · · , bn > which
tells us whether a slot allocation is possible such that video
vi receives at least bi bits in the allocation. The length of
the T x vector is the number of videos n. We define the
predicate F (m, T ) for m slots and T x vector T . F (m, T )
is true iff an allocation can achieve T x. For two T x vectors
T1 , and T2 , we define T1  T2 iff T1 [i] ≤ T2 [i], ∀i. It is
easy to see, if F (m, T2 ), then F (m, T1 ). In the dynamic
n
Y
(bi max +1) possible T x vectors
programming, we generate
i=1

starting from < 0, · · · , 0 > till < b1 max , · · · , bn max >. For
each video vi , we have the values taken from the set
n
Y
{0, 1, · · · , bi max − 1, bi max }. We maintain an
(bi max + 1)
i=1

by n matrix of the vectors during the execution of the

dynamic programming algorithm. Also, we have a truth value
n
Y
(bi max + 1). Each cell in the true value
vector of length
i=1

vector corresponds to the value of F (m, T ) for m slots, and
T x vector T . We initialize the truth value of < 0, · · · , 0 > to
true and the rest to f alse. This signifies that we can always
achieve vector < 0, · · · , 0 >, even without any slot allocation.
We then start from m = 1 to the total number of slots B,
and evaluate the truth values. The truth values (F (B, T )) at
the end tell us whether that vector T was achievable by a slot
allocation with the B slots. We then choose the vector with
the maximum minimum bi value as our solution, and have
the corresponding slot allocation as the optimal answer. The
way to evaluate F (m, T ) is as follows:
1)
2)

If F (m − 1, T ), then F (m, T ).
Else let Wi be the vector where all the positions of
Wi except Wi [i] is equal to T . Wi [i] = max(0, T [i]−
rim ). For i = 1 to n, if F (m−1, Wi ), then F (m, T ).

As a final step, we store the sim value for each 1 ≤ m ≤ B
(and 1 ≤ i ≤ n). We maintain an allocation pointer to a T xvector T for which F (m, T ) is true at the end of step m,
which tells us which video was the current slot allocated to.
At the end, the allocation pointers give us the allocation which
leads to the optimal solution. Specifically, allocation pointers
backtracked from the optimal solution vector to initial vector
< 0, · · · , 0 > give us an optimal slot allocation.
We present the algorithm in Algorithm 1. Algorithm 1 has a
n
n
Y
Y
(bi max +1) can be
runtime of O(Bn (bi max +1)). Since
i=1

i=1

exponentially large, Algorithm 1 has an exponential runtime.
IV.

H ARDNESS OF LMVT

PROBLEM FOR LINEAR

φ

In this work, we have two major contributions. 1) We
first show the LMVT problem to remain NP-Hard even for a
simpler scenario when φ is linear. 2) We then design an FPTAS
for the LMVT problem which provides strict performance
guarantees.
We assume a linear function φ to calculate the lead based
on the number of bits received, b. Let us consider a monotonic
linear φ, such that φ(b) = b. The problem then simplifies to
finding a slot allocation to maximize the minimum number of
bits received by any video. We show that the problem remains
NP-Hard, even in this scenario.
We reduce the PARTITION P ROBLEM, a known NP-Hard problem to LMVT. The PARTITION P ROBLEM can be presented
as:

xj ∈ S, for each slot j. Note that |S| = B = # of slots for
the LMVT instance. Set k = U/2.
Lemma IV.1. The above instance of the PARTITION P ROB LEM has a solution iff the instance of LMVT has a solution.
Proof: We show that the instance of the PARTITION
P ROBLEM has a solution iff we can find a slot allocation for
the 2 videos of the LMVT instance, such that the number of
bits received by each video is exactly U/2.
Suppose the PARTITION P ROBLEM
That is, we
P has a solution.
P
have S ′ and S \ S ′ such that x∈S ′ x = x∈S\S ′ x = U/2.
We find a slot allocation of the B slots which allocates slot i
to video v1 if xi ∈ S ′ . Otherwise i is allocated to v2 . We note
that allPthe B slotsP
get allocated this way, since |S| = B. Now
since x∈S ′ x = x∈S\S ′ x = U/2, it is easy to see that the
number of bits received by v1 and v2 is exactly equal to U/2.
For the other way, suppose we have a slot allocation such that
number of bits received v1 and v2 = U/2. We partition S in
the following way:
If slot i is allocated to v1 , then xi ∈ S ′ .
Else xi ∈ S ′ \ S.
P
P
P
Since
i r1i =
i r2i = U/2, we have
x∈S ′ x =
P
x
=
U/2,
and
hence
a
solution
to
the
instance
of
′
x∈S\S
PARTITION P ROBLEM.
1)
2)

V.

For the reduction, consider any instance P
of the PARTITION
P ROBLEM with S = {x1 , x2 , · · · , xB },
x∈S x = U , and
|S| = B. Now consider an instance of LMVT where we have
2 videos v1 and v2 , B slots, and the bit rates r1j = r2j =

FOR

LMVT

In section III, we presented the pseudo polynomial dynamic
programming solution for the LMVT problem. The exponential
complexity of the solution, prompts us to design a FPTAS
with performance guarantees. Therefore, in the FPTAS, instead
of considering all the values in the set {0, 1, · · · , bi max −
1, bi max } for each video vi , we discretize the set to the
powers of 1 + ε, where ε > 0. We define the function
ψ(i) = ⌊(1 + ε)⌊log1+ε i⌋ ⌋. Now we have the set for each video
vi , as {0, ψ(1), · · · , ψ(bi max −1), ψ(bi max )}. Clearly, we have
at most log1+ε (bi max + 1) values in the set. Hence, we have
n
Y
log1+ε (bi max + 1) T x vectors to evaluate truth values
only
i=1

for, in the FPTAS. In the evaluation of F (m, T ), instead of
considering Wi as in Algorithm 1, we consider Wi′ where Wi′
is the vector where all the positions of Wi′ except Wi′ [i] is
equal to T . Wi′ [i] = max(0, ψ(T [i] − rim )). We present the
FPTAS in Algorithm 2.
Algorithm 2 considers only
out of the

PARTITION P ROBLEM
P
I NPUT: A set S ⊆ Z+ with x∈S x = U .
Q UESTION : Can
to S ′ and S \ S ′
P S be partitioned
P
such that x∈S ′ x = x∈S\S ′ x = U/2?

A N FPTAS

n
Y

n
Y

log1+ε (bi max + 1) to evaluate

i=1

(bi

max

+1) T x vectors evaluated by Algorithm 1.

i=1

Lemma V.1. The error generated by the rounding of Wi in
1
Algorithm 1 to Wi′ in Algorithm 2 is at most 1+γ
where γ > 0.
Proof: Suppose we have < b1 , · · · , bn > ⇐⇒ <
c1 , · · · , cn > from the F (m, T ) evaluation step of Algorithm 1. In other words F (m, T1 ) for T1 = < c1 , · · · , cn >
has been evaluated to true because F (m − 1, T2 ) had been
evaluated to be true for T2 = < b1 , · · · , bn >. Hence,

Input: n, the number of videos, B, the number of slots,
rij , the rate of video vi for slot j
Output: An allocation of the B slots over n videos
where the minimum number of bits received
by a video is maximized
n
Y
log1+ε (bi max + 1) vectors where
Generate the
bi max =

B
X

i=1

rij ;

j=1

Construct the

n
Y

log1+ε (bi max + 1) by n matrix of the

i=1

n
Y

log1+ε (bi max + 1)) values, the

i=1

maximum storage space needed (for the allocation pointers) to
implement Algorithm 2 is polynomially bounded.
Theorem V.4. Algorithm 2 is an FPTAS for LMVT P ROB LEM .

i=1

Initialize the truth value of < 0, · · · , 0 > to true and
the rest to f alse;
for m = 1 to B do
foreach T x vector T do
if F (m − 1, T ) then
Set F (m, T ) to true;
end
else
for i = 1 to n do
if F (m − 1, Wi′ ) then
Set F (m, T ) to true;
break;
end
end
end
end
end
Return the T x vector T with the maximum min(bi )
value and with F (B, T ) true;
Algorithm 2: An FPTAS for LMVT P ROBLEM

VI.

R EFERENCES

Now suppose we have T2′ = < b′1 , · · · , b′n > and T1′ = <
c′1 , · · · , c′n > in the table for Algorithm 2, where b′i = ψ(bi ),
and c′i = ψ(ci ), ∀i ∈ [n]. We want to show that if Algorithm 2
evaluates F (m, T1′ ) to true if F (m − 1, T2′ ) was evaluated to
1
true at an earlier step, with an error of at most 1+γ
. In other
′
′
′
′
words, < b1 , · · · , bn > ⇐⇒ < c1 , · · · , cn > in Algorithm 2
1
.
with an error of at most 1+γ
We observe that T2′ [j] = T1′ [j] for all j ∈ [n] \ {i} . For
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ψ(ci −rim ). Algorithm 2 would calculate the value of position
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−rim
We have ψ(c′i − rim ) = ψ(ψ(ci ) − rim ) ≥ ψ( ci1+ε
) ≥
1
ψ(c
−
r
),
where
γ
=
2ε.
i
im
1+γ
a

runtime

C ONCLUSION AND F UTURE W ORK

In this paper, we studied the problem of minimizing the
number of playout stalls experienced by clients streaming
different videos from a cellular base station. We built on
our prior work, where we formulated an epoch based lead
aware optimization framework (LMVT) which maximized the
minimum playout lead of the mobile clients to improve the
overall quality of experience. In this paper, we demonstrated
that even a restrictive and simplified version of the LMVT
problem is NP-hard and proposed an efficient fully polynomial
time approximation scheme (FPTAS) for the LMVT problem.
In future, we plan to perform a realistic trace based evaluation
(with real wireless network and real video traces) to compare
the performance of the proposed FPTAS with the greedy
heuristic and the pseudo polynomial optimal solution [2].

∃i ∈ [n], such that, T2 [i] = bi = max(0, ci − rim ), and for all
other positions j, we have T2 [j] = T1 [j].

has

Proof: At any step i, the value of any position of any
vector of Algorithm 2 differs from the corresponding position
of the corresponding vector for Algorithm 1 by a factor of
1
1
(1+ε)i ≈ 1+εi due to the rounding. We perform this rounding
B times. Hence the values of the vectors after the full execution
1
would differ by a factor of at most 1+εB
. Lemma V.2 and V.3
lead to the following theorem.
Since we look at O(Bn

vectors;
Have the truth value vector of length
n
Y
log1+ε (bi max + 1);

Lemma
V.2. Algorithm 2
n
Y
log1+ε (bi max + 1)).
O(Bn

Algorithm 2 differs from that (Sopt ) returned by Algorithm 1
1
at most by a factor of 1+εB
.

of

i=1

Lemma V.3. The value of the solution (Sf ptas ) returned by
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