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Abstract—We formulate and solve the problem of optimal
channel coding and flow-rate control for serving deadline-
constrained traffic with average delivery ratio requirements
(typical of multi-media streaming and interactive real-time ap-
plications) over time-varying channels. To that end, we first
characterize the largest set of arrival processes (rather than rates)
whose deadline and delivery ratio requirements can be satisfied.
Then, we propose a dynamic (channel) coding algorithm that
provably satisfies the requirements of any arrival process in this
region. This optimal dynamic algorithm evolves through simple
iterations to utilize a combination of pricing and finite-horizon
dynamic programming operations. Next, we proposed two low-
complexity approximations of the algorithm that has provable
performance. We also extend the setup to allow for a flow
controller that adjusts the incoming flow rates to satisfy their
delivery ratio constraints when the arrival process is unknown
but controllable. We propose a joint dynamic coding and rate
control algorithm to solve this problem, and prove its stability
under the stochastic system operation. We also apply these
general results to an important wireless down-link broadcast
scenario with and without random network coding capabilities.
Our theoretical work is supported by extensive numerical studies,
which also reveal that our dynamic coding strategy outperforms
any static coding strategy by opportunistically exploiting the
statistical variations in the arrival and channel processes.

Index Terms—Delay-aware dynamic coding, stochastic control,
network coding, deadline-constrained throughput optimization.

I. INTRODUCTION

While the traditional performance measure of a commu-
nication system is throughput, many real-world applications
also have a range of delay-sensitivities and Quality-of-Service
(QoS) requirements that are typically not accounted for. In par-
ticular, real-time media broadcasting or two-way voice/video
communication applications possess requirements at different
timescales: stringent deadline constraints in the short-term;
and differing tolerance levels to long-term fraction of dropped
bits. Such multi-timescale requirements prevent the application
of earlier approaches that are based on optimizing long-
term average metrics. Moreover, different flows entering the
system may have different degrees of importance, necessitating
prioritization of certain flows over the others. Also, these flows
may need to be transmitted over randomly changing channels,
as is the case in wireless communications.

Information theory reveals that there is a fundamental
relationship between the reliable transmission rate and the
coding block (also called the coding window) size used to map
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messages into transmission signals. In particular, the reliable
transmission rate may be increased towards the capacity of the
channel by increasing the coding window size ([4]). However,
increasing the coding window size also causes larger delay and
in the presence of the aforementioned deadline-constrained
traffic, becomes unacceptable beyond a level. Thus, a radically
different coding strategy must be employed by the transmitter
to maximize the delay-sensitive applications’ performance
under the time-varying conditions of the channels. Since the
channel and application characteristics are often stochastic, the
solution must be able to adapt to their randomness.

Queueing systems under impatient customers have been
studied in the literature (e.g. [2], [16], [23]) for various cases
of preemption, arrival/service rate distributions, etc. Yet, these
works do not model the priorities and tolerance levels of ap-
plications, and do not account for possible coding parameters,
and hence are not applicable to our problem. Also, recent
works ([9], [10], [12]) have studied the congestion-control
and scheduling problem for similar deadline constrained traffic
with reliability constraints. However, they also do not allow
for coding flexibilities, which fundamentally changes the shape
of the achievable rate region and calls for a dynamic strategy
for optimizing over coding decisions. Other related works that
deal with deadline-constrained traffic include [19], [17], which
focus on single-flow scenarios and hence do not apply to the
above multi-flow scenario.

Motivated by these, in this work, we study the basic scenario
of a single transmitter serving multiple delay-sensitive flows
under randomly varying channel conditions. Since the trans-
mission time and rates are functions of the coding window size
and content, they must be carefully chosen to meet the multi-
timescale QoS requirements of the flows. To capture the effects
of channel randomness and coding decisions, we model the
random transmission time of a coding window over the fading
channel by a completion time distribution'. In this setup, we
aim to find an optimal rate-control and coding strategy for
serving the aforementioned deadline-constrained flows with
diverse reliability requirements (in terms of delivery ratios)
and heterogenous priorities. A list of our contributions are:

« We provide a generic communication system model (in
Section II) with a multi-timescale operation that accounts
for the heterogenous priorities and the multi-timescale delay
sensitivities of the incoming traffic. This model is general
enough to cover different block coding strategies and channel
variation models.

'We note that this is an alternative description of the coding performance
to the traditional one that describes the probability of decoding error for a
fixed transmission duration. We find that this alternative model is more useful
for our design and analysis.
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o We address the dynamic coding problem for systems with
fixed arrival statistics (in Section III). To that end, we first
characterize the maximal set of arrival processes whose
requirement can be satisfied by any stationary policy. Then,
we propose and prove the optimality of a dynamic coding
algorithm operating at different timescales: it uses dynamic
pricing at a slow timescale to monitor the violation of the
reliability requirements; and it uses finite-horizon dynamic
programming at a fast timescale to determine the coding
block size and its content.

e We develop two low-complexity approximations to our
dynamic coding algorithm (in Section IV-A). The first is
based on the descretization of the state space, and have
provably asymptotic optimality, while the second is a greedy
algorithm. Both algorithms avoid solving the finite-horizon
dynamic programming problem online thus greatly reduce
the computational complexity.

« We extend our algorithm (in Section IV-B) to incorporate a
flow controller that aims to satisfy their long-term reliability
requirements when the arrival process is unknown. Our
joint rate control and dynamic coding algorithm utilizes a
primal-dual update rule rather than the more common dual
update rule since the latter requires the solution of a large
linear program in every iteration. We rigorously prove the
stability of the joint algorithm for the stochastic system under
appropriate step-size choices.

o« We apply (in Section V) the developed algorithm to an
important application in cellular down-link scenario whereby
a base station broadcasts multiple streaming deadline-
constrained flows to N receivers over randomly varying
erasure channels. We further study (in Section VI) the
performance of different network coding strategies with our
dynamic coding algorithm, and compare the performance of
our dynamic coding algorithm to a static one to see strict
improvements, even for small scenarios.

We note that this work extends our preliminary work [8]
in various aspects: we characterize the set of arrival processes
whose requirement can be satisfied by any stationary policy;
we establish the optimality of our dynamic coding algorithm
under the stochastic system operation rather than through a
heuristic fluid-limit argument; we discuss and propose two
low-complexity approximation algorithms of the dynamic cod-
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ing algorithm; we extend the numerical results to study a
larger and more realistic range of systems and requirement
parameters for a deeper understanding.

II. SYSTEM MODEL

We study the general communication system depicted in

Fig. 1, whereby a transmitter serves a set F of flows, whose
packets have a deadline of 7 time-slots after their arrival, over
unreliable wireless channel(s). The arrivals of each flow f
occur every 7 time-slots, and a fraction of (1 — ¢;) packets
are required to be delivered within their deadlines. Our work
concerns the optimal design of the flow-rate controller and the
dynamic channel encoder-decoder pair that operate at different
time scales. Next, we describe the system components, their
operational constraints and the application requirements in
detail.
Multi-timescale Operation: We setup a multi-timescale sys-
tem operation whereby the flow-rate controller is allowed to
operate in the slower timescale of flow-level deadline con-
straints than the fast timescale of channel variations at which
the dynamic channel encoder/decoder operate. Accordingly,
we use time-slots as the smallest time unit in which channel
variations occur, and in which the channel encoder/decoder
operate. In comparison, the flow-level deadline constraints are
at a slower time-scale which we call a frame of T times-
slots, within which each incoming packet is either successfully
delivered to the destinations or otherwise dropped (see Fig. 2).
Arrival Process: We first assume the arrival process is a
fixed discrete stochastic process to focus on the design of
the dynamic coding scheme in Section III, and then extend
it to a dynamic controllable process for joint rate control and
dynamic coding in Section IV-B.

The fixed arrival process is assumed to be stationary and
ergodic. In particular, at the beginning of frame ¢, the number
of arrivals for flow f is denoted by Ay[t], where Aj[t]
is non-negative integer-valued, independently and identically
distributed (i.i.d.) over time, and has a finite upper-bound
Apaz such that P(Af[t] < Ayuer) = 1 for all frames ¢ and
flows f. We use the vector A[t] £ {Af[t]} to denote the
arrival vector to all flows in frame £.

Dynamic Channel Encoding/Decoding: The arrivals A[t] in
frame ¢ enter the Dynamic Channel Encoder (see Fig. 1) that
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Fig. 2. Operation of the communication system of Fig. 1 over time.

performs block coding for reliable transmission. In particular,
the encoder collects the available packets into groups, called
coding windows or simply blocks for sequential transmission
over the channel.

Let the column vector K;[t] £ {Kj[t]}; denote the
composition of the i** coding window in frame ¢, whose
indices K ;[t| gives the number of flow f packets in the
it" coding window. Also, let K;[t] = s Ky.i[t] denote the
total number of packets in the i*" block. The blocks are
constructed and transmitted sequentially such that the (i + 1)t
block is constructed and transmitted only after the i*" block
is successfully decoded by all the intended receiver(s). The
successful decoding of each block is indicated through a single
bit ACK signal by the intended receiver(s) (see Fig. 1).

We emphasize that the amount of time required for the
successful decoding of a coding block of size K, henceforth
called the completion time, is a random variable that depends
on K, the channel statistics, and the coding strategy employed
by the encoder. It consists of the amount of time for all
users to receive enough packets to decode a block, as well
as the time for decoding that block?. Without restricting to
any particular channel or scheme, we capture this randomness
by letting Z(K') denote the completion time (in time-slots) of
a block of size K that is generated independently according to
a given distribution function Fz(x)(2). In Section V, we shall
provide examples of such distribution functions in a down-
link broadcast setup over erasure channels, but our current
construction is applicable to any distribution.

We also note that the encoder only knows the statistics of
Z(K) at the outset of its block construction, and can deduce
the realization of earlier block completion times through the
acknowledgements it receives. To distinguish the two, we let
2(K) denote the realization of the random completion time
Z(K) with the convention that z(K) = oo if the frame
ends before the block completion. Then, the time left in

2We note that one can also model the feedback delay (which we assume
to be 0) as part of the completion time (thus changing the completion time
distribution). Our proposed algorithms operate unmodified under this new
definition of the completion time. However, we can not claim optimality when
there is feedback delay, since if we have some statistics of the feedback delay,
it is possible to start the transmission of the next coding block before receiving
all the feedbacks to improve performance.

frame ¢ at the beginning of the it" block transmission is
denoted as 7; = T — Zz;ll z(K;[t]). Similarly, the vector
Ailt] = {Agft] = Y52, Ky j[t]} s denotes the remaining
packets of each flow at the beginning of the i*" coding
window construction within frame ¢ (see Fig. 2). Thus, the
construction of K[t] depends on the remaining time 7; in
the frame, the remaining packets A;[t] awaiting service, and
the distribution of Z(K) that conveniently encapsulates the
channel and coding capabilities in it.

For notational convenience, we use the matrix
K[t] £ [K7[t], Kalt], - , Kylt], E[t]

to compactly refer to the sequence of such coding window
decisions made in frame ¢, where E[t] £ {F[t]}; is the
vector of number of packets of each flow that never get a
chance to start their transmission before the end of frame ¢,
and b is the number of blocks constructed in frame ¢. Note that,
since the construction of the blocks is limited by the available
number of packets in that frame, we must have

b
> Klt] + E[t] = At].
i=1
We use IC(A[t]) to denote the set of all possible matrices K[t]
that satisfies the above equation when the arrival vector is
Alt].

The process of block construction in frame ¢ can be in-
terpreted equivalently as choosing one of the controls K]t]
from the set KC(AJt]), regardless of how the actual system
chooses the coding blocks. In this sense, we will refer to K[t]
as a control or a coding block matrix decision interchangeably.
We further denote the set of all possible coding block matrix
choices as

K £ {K(a) : a is a possible arrival vector}. ()

We note that, since the arrival process A[t] has a finite support,
|K(a)]| is bounded for all @, and hence |K| is also finite.
Measure of Transmission Success or Failure: If the frame
ends before the completion of a block decoding, we consider
all the packets in that block lost. The number of lost packets
for each flow in frame ¢ is captured by L[t] £ {L;[t]};.
Hence, together with the expiries, the total number of dropped
packets D[t] £ {Dy[t]}; in frame ¢ equals to (E[t] + L[t])
(see Fig. 1 and 2).

We denote the number of successfully decoded packets in
frame ¢t by M[t] £ {M;[t]};, which is a function of the
chosen coding block K[t] € IC(A[t]) and realized completion
times for those coding selections. Since the completion time
is random, M [t] is also a random vector and can be described
by

b 7
Mt = Y Kpith | Y Z(K;[t) <7 2)
i=1 Jj=1

where 1(-) is the indicator function®. To emphasize that

M t] depends on both the coding block choices K]t] and the

3Note that by definition, we have A[t] = M[t] 4+ D]t] for each frame ¢.



corresponding channel variation Z(K[t]), we may also write
M[t] = M(K[t], Z).

Multi-Timescale Requirements of the Applications: Each
flow f also imposes a long-term reliability requirement that on
average, at most ¢y € (0, 1) fraction of its packets are dropped.
Alternatively, we call (1 — ¢y) the delivery ratio requirement
for flow f. In other words, we must guarantee that

T

lim inf w > (1—gqy), Yf. (3)
oo S ELAlf]
We use q = {q #}# to denote the vector of gy, and refer to it as
the requirement vector. The requirement gets more stringent
as gy decreases towards 0. Real-time applications such as
voice/video transfers that can tolerate a certain fraction of
packet losses typically have such delivery ratio requirements.
This traffic modeling follows that of [9], [10], [11], [12], and is
attractive for both practical modeling and theoretical analysis
purposes.

With the aforementioned system model, our paper stud-
ies two problems. First, in Section III, we characterize the
maximal Satisfiable Requirement Region achievable by any
stationary policy for fixed arrival processes. Building on this
characterization, we propose an Optimal Dynamic Coding
Strategy that is guaranteed to support all arrival processes that
lie strictly within the maximal requirement region. Then, in
Section IV-A, we develop low-complexity approximations of
the dynamic coding algorithm, and in Section IV-B, we extend
our result to the case where a rate controller is implemented
to control the arrival rate when the arrival process is unknown.

III. OPTIMAL DYNAMIC CODING STRATEGY

In this section, we assume fixed (uncontrollable) arrival
processes associated with the flows and aim to design a dy-
namic coding strategy that guarantees the long-term reliability
requirements imposed by the requirement vector g of the
flows given in (3) for the packets that have a fixed deadline
of 7 time-slots. To that end, we first formulate a stochastic
control problem for a fixed arrival process in Section III-A,
and propose a practical dynamic coding algorithm that utilizes
a combination of iterative pricing and finite-horizon dynamic
programming, and prove its stochastic optimality.

A. Problem Formulation

Our Dynamic Coding Problem (DCP) is defined as the
follows.

Definition 1 (co—Horizon Dynamic Coding Problem):

(DCP): Maximize 1
{ARLK[E)} 5y
subject to  Kf[t] < Af[t], ViVt >1, (4)

Ar(L=qp) < p, Y, (5)
M]|t] = M(K[t], Z), ¥t > 1, (6)

where
1
Ar = limsup— E[A((t)],
;= timew 7 > TELA/(D)
1
By = 1%1Oréf—tg_l E[M;(¢)],

where the expectations are over the randomness of the arrival
processes and the channel variation.

In the above DCP formulation, (4) assures that the coding
is limited to packets available in that frame, (5) assures that
long-term delivery ratio requirements are satisfied, and (6)
indicates that the successful packet transmissions are random
as a function of the completion-time distributions and coding
decisions.

Note that the DCP is maximizing a constant subject to the
long-term reliability requirement and the channel variation
constraints. When solving DCP, we have no control on the
arrival process, but the solution to this problem will satisfy
these constraints. The problem which incorporates the rate
control is discussed in Section IV-B.

Also, we emphasize that solving DCP through standard
control theoretic methods is extremely difficult, and likely
impossible. Not only is it an infinite-horizon problem, but
also it contains instantaneous constraints (4) and channel
randomness (6), as well as long-term average requirements
(5).

Instead, motivated by earlier works in stochastic control
literature (see, for example, [14], [9], [11]), we introduce
a time-varying price vector X[t] = {X[t]};, where X[{]
evolves as

X¢[t+1] = (X;[t] + B(Ds[t] — qrAf[t])) T, (7

where (y)* = max(0,y), and 3 > 0 is a small step-
size. The value of X f[t] measures the experienced reliability
requirement violation for flow f, and it can be viewed as
a fictitious queue with the arrival SD([t] and the service
BqrAr[t]. It can be seen that the evolution of (A[t], X [t])
forms a Markov chain, and that, if X[t] is guaranteed to
be stable, i.e., it is positive recurrent and the corresponding
stationary distribution has E[Xf[t]] < oo for all f, then all the
long-term reliability requirements in (5) are met (see Theorem
2.5 and 2.8 in [13]).

Before we can present a solution to DCP, we first need to
characterize the region in which the requirement vector can
be satisfied. This region is described next for the class of all
stationary policies.

B. Satisfiable Requirement Region Characterization

As described in Section II, the process of choosing coding
window size in a frame is equivalent to choosing a control K
from the set K defined in (1). Each control K will result in
a random service M (K, Z) due to channel variations. Then,
we can characterize a necessary condition for the satisfiability
of a given requirement vector ¢ by any stationary policy as
follows.



Lemma 1: Consider the class of stationary policies G that
observe (A[t], X[t]) in each frame ¢ and choose a control
K € K. If there is a policy G € G that can stabilize the
price vector X [t], then there exists {ay(a)}x such that

ag(a) >0, Vk, Z ar(a) = 1,Va, (8)
KpeK(a)
Y Pla) Y a(@E[M(Ki, Z)] > (1—qp)hy
a KpeK(a)
vVfeF, 9

where P(a) = P{AJt] = a} is the probability of the arrival
vector is a.
Proof: The detailed proof is provided in Appendix A. ®

Lemma 1 characterizes the necessary condition for the
arrival process A[t] to be feasible under the given requirement
vector g and the underlying channel variation model Z(K).
Note that this condition is on the whole distribution of the
arrival process rather than its limited statistics, such as its mean
and variance.

We define the set of Requirement Satisfying Arrival Pro-
cesses of the system for a given requirement vector g as
follows:

Definition 2: The Requirement Satisfying Arrival Processes
A(q) for a requirement vector q is defined as
(A) : There exists {ax(a)}r, }

(10)

A
Alq) = { s.t. (8) and (9) are satisfied

As a related concept, we define the Satisfiable Requirement
Region Q(A) for a given arrival process Alt] as

(q) : There exists {ay(a)}, } .

s.t. (8) and (9) are satisfied an

o) = {

According to the above definition, it follows that if A[t] €
A(q) for some requirement vector g, then g € Q(A[t]). Both
sets characterizes the complicated relationship between the
arrival process A[t] and the requirement vector q. Different
from the similar concept of Capacity or Stability Region in the
previous works (see [21], [15] for example), both the above
sets depends on the distribution of the arrival process, rather
than just the mean. An example of the satisfiable requirement
region is shown in Section VI-A as part of our numerical
results, showing the complex dependence of the regions on
the distribution of the arrival processes.

C. The Dynamic Coding Strategy

Based on the observation that if X [t] is guaranteed to be
stable, then all the long-term reliability requirements are met,
we propose our dynamic coding scheme which tries to stabilize
the X|[t], and use a finite-horizon dynamic programming
strategy to solve the DCP. Our dynamic coding strategy uses
X [t] to determine the composition K[¢] of the coding window
selection in frame t.

Definition 3 (Dynamic Coding Algorithm): For a given set
F of T-deadline-constrained flows and their requirement vec-
tor ¢ = {qy}y, the dynamic coding algorithm performs the
following operations in each frame t¢:

» Price Update: We maintain a price variable X|[t] =
(X¢[t]) ., where X[t] for each f is initiated at X #[0] = 0 and
is updated at each frame according to (7). We recall that A s [¢]
and Dy[t] denotes the number of arrived and dropped flow- f
packets in frame ¢, and hence are known at the beginning of
frame ¢t + 1.

» Dynamic Coding Strategy: The coding strategy is based on
the following Finite-Horizon Dynamic Programming construc-
tion: For any non-negative valued price vector X, we define
the optimal reward-to-go function J% (B, s) as the maximum
value of the X -weighted total mean success rates when there
is a vector of B = {By}; packets waiting for transmission
and when there are s € {0,---,7} slots left until the end of
the frame. Then, Jx (B, s) satisfies Bellman’s equation ([1]):

(B = max (B[ ((B - Ky, (s - Z(K)

+(O) KpaXp) - 1H(Z(Ky) < 8)]}-
-

This is solved through backward recursion with the initial
conditions: J% (B, s) =0, for all B and all s <0.

Recall that A;[t] = {Ay;[t]}; and 7;[t] respectively denote
the vector of remaining packets and the number of remaining
time slots in frame ¢ at the beginning of the i'" block
construction (see Figure 2). Then, the it" block of frame t
fori=1,2,--- is selected as follows until the frame ends:

K;[t]

= argmax

. a E[Jxp (Ailt] — K
{Ki>0:Ky;<Ay[t], Vf}

The above coding strategy in each frame weighs the success-
ful service rates of flows with their existing prices, {X¢[t]}f,
therefore effectively prioritizing the service of those flows
whose reliability requirement has, so far, been violated more
severely.

Note that in the perspective of our block construction model,
the choice of the control (or coding block matrix) K can be
either done once at the beginning of the frame (e.g., fixed
block size), or dynamically chosen as in our proposed scheme.
Either way the controller will eventually choose some control
(or coding block matrix) K in the set /C, and the number of
served packets will be affected by the channel variation Z (K).
Thus, we can equivalently express the dynamic coding part
of our algorithm as: in each frame ¢, given (X|[t], A[t]), the
dynamic encoder chooses the control K;.[;) € K as

Kjep € argmax »  X;[(JE[M;(K;, Z)]. (13)
i€k peF

With this equivalence in mind, we have the following

lemma characterizing the performance of the dynamic coding

algorithm.



Lemma 2: For any arrival process A[t] that lies strictly
within A(q), the dynamic coding strategy satisfies the long-
term delivery ratio requirements (3) of all flows.

Proof: The detailed proof is provided in Appendix B. ®

Combining the necessity and sufficiency results of Lemmas
1 and 2, respectively, we have the following optimality of the
dynamic coding algorithm.

Proposition 1: The dynamic coding algorithm is optimal
in the sense that if a reliability requirement vector g for
a given arrival process vector A[t] can be satisfied by any
stationary policy, then it can be satisfied by the dynamic coding
algorithm. In other words, if the dynamic coding algorithm
cannot satisfy the reliability requirement vector, then it is not
satisfiable by any other stationary policy.

Next, we make a few observations on the above dynamic
coding algorithm that will motivate the extensions in the next
section.

In the dynamic coding algorithm, the controller solves
the maximization problem (12) using dynamic programming.
In each frame ¢, the number of possible combinations for
the coding block choice and the remaining time is TA',falx.
The value of the reward function Jx (A[t],7) of all these
combinations need to be calculated and stored. This results
in an order of O(TAlm]:(iw) computational complexity in each
frame, with a storage complexity of order O(TAl,,fa‘m). This
computational overhead in each frame may become unaccept-
able when the number of flows increases, which motivates us
to develop approximation algorithms with lower computational
complexity in Section IV-A.

Proposition 1 shows that the dynamic coding algorithm can
support all fixed arrival processes whose reliability require-
ments can be satisfied. However, in the likely case where the
full distribution of arrival process is unknown but its mean
may be adjustable via admission or congestion control, we
would need a rate controller that adjusts the incoming rates
so that the reliability requirements can be satisfied for all
flows. This motivates an extension to our dynamic coding
algorithm to include a rate controller, which we accomplish
in Section IV-B.

IV. EXTENSION OF THE DYNAMIC CODING ALGORITHM

In this section, we extend our dynamic coding algorithm in
two important directions: we first provide two low-complexity
approximations of the dynamic coding algorithm, where the
computational complexity in each frame is greatly reduced;
we then develop a rate controller for the flows so that the
reliability requirements can be satisfied for all flows when the
arrival process is unknown.

A. Low Complexity Approximation Algorithms

In this subsection, we develop two approximation algo-
rithms with significantly lower computational complexity. The
first one is based on the discretization of the space where X [t]
lies, and possesses asymptotical optimality characteristics; and
the second one is a greedy algorithm with significantly less
computational and storage complexity, which is still guaran-
teed to outperform any fixed coding window size choice.

Grid Approximation

In the operation of the dynamic coding algorithm, the
controller needs to solve for the maximum value of the
expected reward function Ji (A[t],7), which is a function
of the deficit counter values X [t]. The solution for the past
frames cannot be used in the current frame since X [t] lies in
the space RI”| of uncountably many values, and hence they
must be recomputed in each frame.

Note that the dynamic programming is essentially solving
the maximization in (13), thus for the deficit counter values
X [t] and ¢ X [t], where c is any positive constant, the solutions
are the same. Inspired by this observation, we use W discrete
directions of {X1,..., Xy} to approximate the directions
that X [t] can take. Although there are many possible way
to select such set of directions, in the following algorithm we
use a particular choice, namely choosing the points from an
integer grid.

Definition 4 (Grid Approximation Algorithm): For a given
set F of 7-deadline-constrained flows and their requirement
vector ¢ = {qr}y, the grid approximation algorithm performs:
» Initialization and Storage:

o Consider an |F|-dimensional cube [0,w]”!, where w is
some positive integer. Choose all vectors with integer
coordinates on all |F| surfaces that share the common
vertex (w,w,...,w) of this cube. These vectors have
at least one of their coordinates equals to w. Such
vectors form the set of vectors {X1,..., Xy}, where
W = w1 (w - 1).

o For each X, € {Xl, .. .,XW}, calculate and tabulate
the optimal coding block choices K (X,,, A,t) for all
possible arrival vector A and all possible remaining time
t={1,2,...,7} using dynamic programming.

» In each frame ¢:

« Approximate the direction of X [t] by X+, where w* is

chosen as

*

X[t], Xuw
w* = argmax 7< GE )

wef12,...w} | X [t]][Xu|
where (-, -) is the inner product of two vectors.

o The i*" coding block in this frame is chosen as K;[t] =
K(Xw* y Ai[t], 7',').

In this grid approximation algorithm, the computational
heavy dynamic programming is done off-line, but only for
finitely many choices in the set of {X1,..., Xy }. In each
frame ¢, the controller choose Xw* which has the small-
est angle with X[t] by performing inner product, and the
choice of the coding block is done by table look-up. Thus,
the computational complexity in a frame reduces to O(W),
and it requires a storage space of O(TWA‘,ﬂm). Thus, the
grid approximation algorithm trades storage complexity with
computational complexity.

We also note that as W goes to infinity, the set
{X1,...,Xw) provides better and better approximation to
the direction of X [t]. Based on the optimality of the dynamic
coding algorithm, the performance of the grid approximation



algorithm is asymptotically optimal as W goes to infinity in
the sense that if a reliability requirement vector q for a given
arrival process vector A[t] can be satisfied by any stationary
policy, then it can be satisfied by the grid approximation
algorithm.

Although the asymptotic optimality holds when W — oo, as
we shall see in the numerical results presented in Section VI-B,
even with a relative low value of W, the grid approximation
algorithm can perform very close to the dynamic coding
algorithm.

The grid approximation algorithm greatly reduces the com-
putational complexity in each frame. However, when W is
large, the space complexity may still become unacceptable.
This motivates us to develop an even simpler algorithm that is
guaranteed to outperform any static coding block size choice.

Greedy Algorithm

Both the original dynamic coding and the grid approxima-
tion strategies perform a joint optimization of the window
size and content decisions. In the following approximation,
we consider a decoupling of these decisions to first decide
on the window size only based on the remaining time in the
frame, and then fill in the selected window with the content
of available flows with the largest deficit counter values. The
details of this process are given next.

Definition 5 (Greedy Algorithm): For a given set F of 7-
deadline-constrained flows and their requirement vector g =
{gy}y, the greedy algorithm operates as:

» Initialization:
o For each possible remaining time = € {1,2,...,7}, find
and store
K*(z) = argmax KP(Z(K) < x),
K>1
which gives the block size achieving the maximum ex-
pected throughput when the remaining time is x.
» In each frame ¢:
o Set size of the i*" coding block in frame ¢ as

K;[t] = K*(1;),
where we recall that 7; is the remaining time to the end
of frame at the decision time of the i*" block.

« The content of the i*" coding block is chosen to be the
solution of the following maximization:

max

Xrlt] Ky
0<Kfyi<Af,iM; sk,

!

The last maximization in the above greedy algorithm can
be simply solved by assigning as much as possible packets
for each flow without violating the constraints, in the order
of decreasing X /[t]. The greedy algorithm has O(1) compu-
tational complexity and O(7) space complexity. Moreover, its
performance is at least as good as any static coding block
choice since it chooses the block size that can achieve the

highest expected throughput in the given remaining time (also
see our numerical result in Section VI-B).

Comparison of the Complexity and Performance

In Table I, we summarize and compare the complexity
and performance of the algorithms we proposed: the dynamic
coding algorithm (DCA), the grid approximation algorithm
(Grid), and the greedy algorithm (Greedy).

TABLE I
COMPARISON OF THE COMPLEXITY AND PERFORMANCE

Computational Storage Optimality
complexity complexity
pca | oAl o(rALl,) | optimal
. |7 Asymptotically

Grid ow) O(TW Arnaa optimal as W — oo
Suboptimal, but better
Greedy O(1) O(r) than any static coding

window size choice

The tradeoffs of the algorithms can be observed from
Table I. While the dynamic coding algorithm is optimal,
its computational and storage complexity are relatively high.
The grid approximation algorithm trades storage complexity
for better computational complexity, and it is asymptotically
optimal as the number of grids W goes to infinity. The greedy
algorithm has the best computational and storage complexity
at the cost of optimality. Yet, it is guaranteed to outperform
any static coding window size choice (see Section VI-B for
more discussion).

B. Joint Rate Control and Coding Algorithm

So far, our focus has been the optimal coding operation
under a given arrival process vector that lies within the
requirement satisfiable region. Yet, in may scenarios, it is
more favorable to have a rate controller to stabilize the system
when the arrival process is unknown. In this section, we
consider such scenarios to extend the algorithm proposed in
Section III to accommodate a flow controller to adjust the
arrival rates for all flows to satisfy the reliability requirements.
In particular, we formulate this problem in a form of utility
maximization and assume each flow f has a utility function
Ur(Ay) associated to it, where Ay is the controllable arrival
rate of flow f.

As characterized in Definition 2 and illustrated by the
numerical result in Fig. 5 in Section VI-A, the set of require-
ment satisfying arrival processes .A(q) is tightly related to
the distribution of the arrival process and challenging to be
precisely characterized. Thus, an ideal flow controller in this
case may need to have full control of the distribution of the
arrival process. However, such a flow controller is complicated
to model and analyze, and can be unrealistic in practice. Thus,
we consider a class of arrival process whose full distribution
can be determined by its mean, and its realization lies in
the interval [A,in, Amaz] With probability 1. Examples of
such arrivals can be deterministic process, the sum of a
deterministic process and a zero-mean random variable and
etc. We aim to adjust its mean dynamically to guarantee all
the delivery ratio requirements are satisfied.



Problem Formulation

For the generic communication system of Fig. 1, we aim to
design a joint rate controller and dynamic coding strategy that
stabilize the system. The associated stochastic optimization
problem is provided next.

Definition 6 (co—Horizon Utility Maximization Problem):

(UMP): Maximize _ .
[AL KI5, 2 Ur(Ap)

subject to  constraints (4), (5), and (6);
Amin S Af[ﬂ S Amama Vf,t (15)

where we assume A,,,;, > 0 is a lower bound for the number
of arrivals in each frame, hence it is a lower bound for arrival
rate, and

For feasibility, we assume that A,,,;,, is small enough such that
when A¢[t] = Ay, for all f and ¢, the corresponding arrival
process lies within the set A(q).

We also impose the following assumptions on the utility
functions Uy (-):

Assumption 1: Uy(-) is a twice differentiable, nondecreas-
ing, strictly concave function of the flow rate ;.

Assumption 2: For all 0 < m < M < oo, there exists
constants 0 < & < C' < oo such that

1
Uy (x)

We note that these conditions are not restrictive, and they
hold for the following class of utility functions.

i< — < C, Yz € [m, M]. (16)

ml—af

This type of utility functions is well-known to characterize
fairness concepts (please refer to [18] and the references
therein).

Motivated by the dynamic coding algorithm, we solve (14)
using a primal-dual algorithm described below.

Joint Rate Control and Dynamic Coding Algorithm

Similarly to Section III-C, we use the vector X[t] to
measure the experienced reliability requirement violation for
the flows. Yet, to capture the presence of the flow controller in
this case, we will slightly change its evolution equation below.
The dynamic rate controller uses X [t] to determine the arrival
rate for each flow to satisfy the reliability constraint.

As revealed in Section III-C, the set of requirement sat-
isfying arrival processes characterized in (10) imposes com-
plicated linear constraints on the rate update rule, even in
the case of a deterministic arrival. As a result, the dual
algorithms which directly solve for the optimal rate (see [6][3]
for example) involve solving a difficult linear program in each
iteration are no longer viable. This forces us to develop a
primal-dual algorithm inspired by [7] for subsequent price and

rate allocation updates. This algorithm will later be shown to
slowly steer the rate vector to a requirement satisfying arrival
rate.

Definition 7 (Joint Rate Control and Coding Algorithm):
For a given set F of 7-deadline-constrained flows and their
requirement vector ¢ = {qs}, the joint dynamic algorithm
performs the following operations in each frame ¢:

» Price Update: We maintain a price variable X[t] =
(X¢[t]) s, where X ¢[t] for each flow f is initiated at X £[0] = 0
and is updated at each frame according to:

Xplt +1) = (X[t + (1= ap)Aflt] = M), (A7)

where (y)T = max(0,y). We recall that A¢[t] and M;[t]
denotes the number of arrived and dropped flow-f packets in
frame ¢, and hence are known at the beginning of frame ¢+ 1.
» Rate Control: Given X [t], the rate controller updates the
rate vector A[t] = {\;[t]}; for each flow f in frame ¢ as:
Aflt+1] =

A1+ a(RUG O 1) = (1= ) X))
where [x]ﬁﬁ“: is the projection of z to the interval
[Amin, Amaz), @ > 0 is a step-size parameter and R > 0 is
a design parameter. Then, the arrival vector Alt] is generated
according to its mean A[t]. Note that A[t] € [Anin, Amaz)
by our assumption on the arrival process.
» Dynamic Coding Strategy: Given X|[t], the dynamic
coding is performed exactly as in Definition 3 of Section III-C.

,(18)

min

As it will be revealed later, the choice of the design
parameter R limits the selection of the step-size parameter,
a, and determines the distance of the achieved average rates
of the algorithm to the optimal solution of (14).

Performance Analysis

The following result establishes the asymptotic boundedness
of the vector X[t] under the stochastic operation of the
system, which implies the requirement satisfying nature of the
algorithm.

Proposition 2: There exists a constant ¢(o, R) < oo which
depends on the step-size o and the design parameter R such
that

limsupE ZXJ%M < ¢(o, R).

t—o0
f

Furthermore, when « is chosen to be 1/R?, c¢(a, R) = O(R?),
ie., limsupg_, . c(1/R* R)/R* = C < .
Proof: The detailed proof is provided in Appendix C. H

V. APPLICATION: CELLULAR DOWN-LINK SCENARIO

The generic model of the communication system can be
used for lots of specific communication scenarios and coding
strategies. In this section, we describe an important example of
such scenarios whereby a base station (BS) is serving multiple
flows by broadcasting their incoming packets to N receivers
over time varying erasure channels (see Fig. 3). We assume
that each packet is an element of a finite field Fy; of size d.
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Fig. 3. Cellular down-link model for broadcasting deadline-constrained flows
to IV users over erasure channels.

The components of the particular system follow the descrip-
tions in Section II. To precisely formulate the completion time
Z(K), we assume the channel state C,,[t; s] of the n'" receiver
in the s € {1,---,7} time-slot of the t'* frame to be an
independent Bernoulli process with mean

n = P(Cplt;s] = 1) =1 — P(Cyt; s] = 0).

We also assume that the channel variations are also inde-
pendently but not necessarily identically distributed between
different receivers. If C,[t;s] = 1, then the channel can
transmit 1 packet successfully to receiver n in time-slot s
of frame ¢. The base station is assumed to know {c,}, but
not the realizations before its transmissions. Although not
necessary for the theory, for ease of exposition, we assume in
our following calculations that the channels are also identical,
i.e., ¢, = c for all n. Also, we assume a block is decoded
immediately when the receiver receives enough packets, and
an ACK is sent back to the transmitter immediately. With these
assumptions, we can precisely characterize the distribution
of the completion time Z(K) for a coding block of size
K for different coding strategies. In particular, we study
the following two coding strategies as in [5]: Randomized
Broadcast Coding (RBC) and Round Robin Scheduling (RR).

Definition 8 (Randomized Broadcast Coding (RBC)): A
network coding strategy over a block of K packets where
in a slot, say s; any linear combination of the K packets
in the file can be transmitted. Specifically if P(s) denote
the packet chosen for transmission in slot s, we have
P[s] = Zszl ay[s] Py, where {ag[s]}r chosen uniformly at
random from the field Fy\{0} for every time-slot s. Each
receiver sends an ACK back to the transmitter after it receives
K linearly independent copies of the packets.

It has been shown in [5] that RBC is an optimal coding
strategy as the field size d — oo. Since for RBC, the
transmission of a block of size K is completed when all
users successfully receive K packets, the distribution of the
completion time Fyrec (i) (z) = P(ZBBC(K) < z) is

Fynoe (k) (z) = (i <;_11> (- c)”—K>N

n=K
for x > K, and 0 otherwise.

Definition 9 (Round Robin Scheduling (RR)): For a given
block of packets of size K, the BS at any given slot broadcasts
a single packet from the current coding window. Thus, we
have P(s) € {Py}{r=1,.. k}- Each receiver sends an ACK
back to the transmitter after it receives the whole block. In
the optimal Round Robin Scheduling (see [S] for proof of
optimality under channel symmetry), Packet % is transmitted
in time-slots (rK + k) for r = 0,1, - until all the receivers
receive the whole block.*

The completion time distribution F;rr () for the round
robin strategy can be expressed as follows, with ¢ = (1 —¢) :

FZRR(K)(.’L’) = Z <(1 _ ET+1)N(7€—1) (1 _ Er)N(K—k‘)

y=0

ﬁj ()= <erc>">7

where r = |y/K |, k =y mod (K) if y mod (K) # 0, and
r=y/K—-1,k=Kify mod (K)=0suchthaty = rK+k
for k € {1,2,--- ,K}. The derivation of this distribution is
presented in Appendix D.

Completion Time Distribution for K =20, ¢ = 0.9 and N = 10
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Fig. 4. Download completion time distribution for RBC and RR

Fig. 4 illustrates the download completion time distributions
of RBC and RR strategies. It can be observed that the
completion time of RBC is more “concentrated” around its
mean. It is known (see [5]) that the expected completion
time for RBC strategy is lower than that for RR strategy and
the difference grows as the number of receivers N and the
block size K increase. Within our framework, our dynamic
coding strategy and rate controller can be used together with
these coding strategies to guarantee the delivery requirements
(3) that are not considered for these coding strategies in the
previous works.

VI. NUMERICAL RESULTS
In this section, we provide numerical results to complement
the analysis in the previous sections and to develop our

“Note that for both RBC and RR coding scheme, one ACK is sent from
each user for a coding block.



intuition of the system operation under the multi-timescale
quality-of-service requirements of streaming applications. The
simulations are presented for the cellular down-link network
described in Section V, with our dynamic coding combined
with RBC or RR coding strategies, unless otherwise stated. In
all simulations we assume there are 2 flows in the system.

A. Example of the Satisfiable Requirement Region, Q(A)

In this sub-section, we illustrate the satisfiable requirement
region defined in Definition 2. Unlike the set of requirement
satisfying arrival processes .A(q) which lies in the high dimen-
sion space of stochastic processes, we can plot the satisfiable
requirement region which lies in R that allows for better
illustration.

We look at the satisfiable requirement region for 2 inde-
pendent flows with identical arrival distributions. In an actual
system such as the cellular down-link network, the size of the
set K of coding matrices may grow exponentially with the
number of possible arrivals. Instead, we choose to use a small
set of /C that does not strictly follow its definition in Section II,
but still exhibits aspects of the satisfiable requirement region.

Fig. 5 shows the satisfiable requirement pair (g1, qo) for
different arrival distributions. For this simulation, we use five
different arrival statistics to demonstrate the effect of the whole
distribution on the satisfiable requirement:

o A deterministic arrival of 4 packets per frame, i.e., an
integer valued uniform distribution with mean 4 and
variance 0 (Uniform(4,0));

o An integer valued uniform distribution with mean 4 and
variance 2 (Uniform(4,2));

o An integer valued uniform distribution with mean 4 and
variance 4 (Uniform(4,4));

e A Poisson distribution with rate 4 thus variance 4 (Pois-
son(4,4));

o A two point distribution with P(A =2) = P(A=6) =
0.5, which has a mean of 4 and a variance of 4 (Two
Point(4,4)).

—4— Uniform(4,0)
—¥— Uniform(4,2)
Uniform(4,4)

=%/ = Poisson(4,4) |{
' * Two Point(4,4)

1—q2

Fig. 5.
processes.

The satisfiable requirement pair (q1,q2) for different arrival

It can be observed in Fig. 5 that the first 3 arrival processes
which share the same mean but have increasing variance
have gradually shrinking satisfiable requirement regions. This
implies that increasing variance hurts the supportable delivery
ratio requirements in a non-trivial manner. Also, Uniform(4,4),
Poisson(4,4) and two point(4,4) distributions that have the
same mean and variance but different overall distributions
achieve different satisfiable requirement regions. This observa-
tion confirms that the satisfiable requirement region is tightly
related with the whole distribution of the arrival process, rather
than its limited statistics, such as its mean and variance. Also,
these suggest that when the arrival process is deterministic,
we can achieve better performance than when the arrival is
random.

B. Performance Comparison of Proposed Algorithms

In this sub-section, we study the effect of using dynamic
block sizes over fixed ones that do not vary over time. To
that end, we compare the achieved delivery rate of the RBC
strategy without dynamic coding, to the performance achieved
by the dynamic coding algorithm together with its low-
complexity approximations. The arrival process is assumed to
be an integer valued uniform distribution in [0,2\f] where
A1 = A2 = 5, and the other parameters are shown in Fig. 6.
For a fair comparison, we let the coding strategy with fixed
block size choose the content of the coding block of length k
to maximize

> X HEM|X[t], Alt], K = K],
feF

by using a similar dynamic programming technique as in our
dynamic coding algorithm.

Fig. 6(a)(b) show the comparison of the performance of
RBC with fixed block size to RBC with dynamic coding
algorithm and its low-complexity approximations in different
scenarios. The curves show the relative delivery rate ratio
achieved by the different algorithms with respect to the
dynamic coding algorithm. It can be observed that the dy-
namic coding algorithm, together with its both low-complexity
variants, outperforms all fixed window size strategies by a
non-negligible fraction. Also, it is observable that the op-
timal choice of the fixed window size is highly nontrivial,
and hence practically infeasible. Instead, the dynamic policy
automatically adapts to the conditions to achieve the optimal
performance. In Fig. 6(a) and (b), the channel reliability,
thus the completion time distribution, is different. It can be
observed that in both cases the grid approximation algorithm
performs almost the same as the dynamic coding algorithm,
but the performance of the greedy algorithm varies. Also,
we note that the number of the discrete directions for the
grid approximation algorithm we used in these simulations
is W = 5, which shows even with a relatively small W value,
the grid approximation algorithm can perform close to the
dynamic coding algorithm.

The dynamic nature of our coding algorithm is observable
from the bars in Fig. 6, where the blue bars show the fraction
of time that the dynamic coding algorithm chooses a particular
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Fig. 6. The performance for fixed coding window compared to dynamic coding algorithm and its approximations. The lines represent the relative achieved
throughput by different algorithms with respect to the dynamic coding algorithm. The bars show the fraction of time that a particular block size is chosen by

the algorithms.

block size, that the block size of 1 and 6 is chosen more
frequently. These more favorable block sizes have relatively
better performance in the case of fixed block sizes. Yet, no
fixed choice can achieve the performance of the dynamic
coding algorithm that can adaptively choose a larger block
size (such as 6 or 5) when there is sufficient time-to-go in the
frame, and a smaller block size (such as 1 or 2) if the time
to the end-of-frame is short at the decision time. This allows
the dynamic algorithm to better utilize the remaining time-
slots in the frame which are otherwise under-utilized under a
small coding window size selection, or wasted under a large
coding window size selection by the fixed block size strategy.
Similar observations can be made for its two low-complexity
approximation algorithms.

C. The Set of Requirement Satisfying Arrival Processes, A(q)

While it is impossible to plot the set of arrival distributions
for more general cases, by restricting the arrival process to
be deterministic, we can illustrate the requirement satisfying
arrival rate region by using our joint rate control and dynamic
coding algorithm.

Fig. 7 shows the achieved delivery rate pairs (u1, 2) for
two flows under the cellular system model introduced in
Section V. The deterministic nature of the arrival processes
results in these triangle-shaped rate regions. We observed that
the requirement satisfying rate region is smaller when using
a less reliable channel, or choosing the RR coding strategy,
since both of these actions results a larger mean completion
time. We can also observe that RBC using a fixed block
size of 6 packets achieves a smaller region than RBC with
dynamic coding algorithm, clearly showing the advantage of
the dynamic coding algorithm.

D. Satisfiable Requirement Region for Fixed Arrivals

By slightly modifying our joint rate control and dynamic
coding algorithm, we can dynamically update the requirement

Requirement Satisfying Rate, 1 =10, N=10,q=[0.3,0.3]
7 . : ,

RBC,c=0.9
= = =RR,c=0.9
6F RBC, ¢ = 0.9, fixed block size [

Fig. 7.
arrivals.

The requirement satisfiable rate pair (p1, u2) under deterministic

vector ¢ which enables us to get the maximum satisfiable
requirement region for a fixed arrival process.

Fig. 8 illustrates the satisfiable requirement region for
different arrival processes and coding strategies in the cellular
system. All arrival processes have their means equal to 6, but
with different distributions:

¢ A deterministic arrival of 6 packets per frame, i.e., an
integer valued uniform distribution with mean 6 and
variance 0 (Unif(6,0));

o An uniform distribution on integers {0, 1, ...,12}, which
has a mean of 6 and variance of 14 (Unif(6,14));

o A two point distribution with P(A = 3) = P(A =
9) = 0.5, which has a mean of 6 and a variance of 13.5
(TP(6,13.5)).

Similarly as in Fig. 5, the satisfiable requirement region varies
for different arrival processes. It also shows that deterministic
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arrivals achieve the largest satisfiable requirement region. It
can also be observed that the RBC achieves better performance
than the RR, due to its shorter average completion time.

VII. CONCLUSION

In this paper, we studied the problem of serving deadline-
constrained traffic with reliability requirements over time vary-
ing wireless channels. We used a general model that captures
the multi-timescale QoS requirements of the flows and the
operation of the system. We first developed a dynamic coding
algorithm that adaptively determines the coding block sizes
and contents for fixed arrival stochastic based on a pricing and
finite-horizon dynamic programming mechanism. We proved
the optimality of this algorithm in the sense that it satisfies
the requirements of all arrivals that can be satisfied by any
stationary policy. Then, we extended this algorithm in two
directions: first, we developed two low-complexity approxima-
tion algorithms to reduce the computational complexity of the
dynamic coding algorithm; then, we added a flow controller
to adjust the rate of all flows to guarantee the reliability
requirements. The stochastic stability of our joint rate control
and dynamic coding algorithm is established. Also, we applied
our theoretical results to the important scenario of a cellular
down-link network that serves multiple streaming flows over
fading broadcast channels. Finally, we provided extensive
numerical results to corroborate our analytical results, and
observed the advantage of dynamic channel coding over any
static choice for serving such deadline-constrained traffic.

APPENDIX A
PROOF OF LEMMA 1

We note the similarity of the proof technique to the one in
[20] and [22]. However, those works focus on characterizing
the set of mean arrival rates to achieve long-term network
stability under fading conditions. In comparison, the short-
term nature of the deadline constraints in our setup requires
us to characterize the set of arrival processes to guarantee the
satisfaction of the traffic requirements.

We look at the steady-state operation of policy Gy, i.e.,
the Markov chain (A[t], X[t]) is in its steady-state. Let K
be the control selected by Gy, i.e., j[t] : (A[t], X[t]) — K.
Then the expected drop rate is given by E[A[t]—M (K;}, Z)].
Since the system is stabilized by G, we must have for any
f € F, the arrival rate to the price X[t] is less than the
service rate, i.e.,

E[Af[t] = My (K, Z)] < arE[Af[t]], Vf € F,
which can be further simplified as
E[M;(Kj), Z2)] > (L= ap)Ap, VI € F. (19)

In the following equations, the time index ¢ is omitted for
brevity. The left hand side of Equation (19) can be calculated
as

= E[E[M;(Kjx, ). 2)X,A]
= Y P(X =z,A=a)E[M;(Kjqa)Z)] (20)

Note that the joint distribution of X [t] and A[t] in (20) is well
defined since X [¢] has a steady state distribution and A[t] has
a finite support.

(20)

ZP(A:a)ZP(X =z|A=a)
E[Mf(Kj(:c,a)7Z)
Y P(A=a)) P(X =z|A=a)

> 1jla,z) = K}E[M(Ky, Z)] (21)
KrpeK(a)

where 1(-) is the indicator function. By switching the order

of summation, we have
Y. P(A=a) > E[M(Ky, 2)]
a KreK(a)

> P(X =z|A =a)l{j(a z) =k}

> P(A=a)

(21)

[I>

> ar(@)E[M(Ky, Z)],
KreK(a)

where ax(a) £ S P(X = z|A = a)1{j(a,z) = k}.

Combined with Equation (19), the lemma is proved.

APPENDIX B
PROOF OF LEMMA 2

Note that the evolution of X [¢] forms a Markov chain. We
proof this result by defining a Lyapunov function of the form

V(X)= % > X7

feF



and study its expected drift. The time index ¢ is omitted in the
following equations for brevity when there is no ambiguity.

AV(:B)
= % ZIE [XFt+1] — X7t X[t] = 2]
feF
< ﬂZEl |:($f+ﬂ(Af—Mf(Kj*(A),Z))
fer
2|4 _
*quf) — I‘f A= CL:|
= > > P(a)((l —aqr)ay — E[M;(K;-(a), Z)])xf
fEF a
5 2
Z |:( 1 —Qf Af — [Mf(Kj*(A),Z)]) %22)
fef
where K- (q) denotes the control that our policy chooses when

the arrival vector is given by a. Note that the second order
expectation (22) is finite since A¢[t] has finite support and the
fact that the service M[t] is no more than the arrival A¢[t].
Hence (22) can be bounded by some positive constant B. Also
note that the arrivals A is independent of x, thus we have

AVt

< > (1 —qp)Asay
feFr

_ZP(

(23)

a) Y wfE[M(K;-(a), Z)] + B (24)
feF

Since the arrival process lies strictly within .A(q) as defined
in (10), there exists € > 0, independent of x, such that for each
f € F, we have

a;j(@)E[M;(K;, Z)] — ¢

)

(1—gp)As <) Pla
a KjG’C

for some {a;(a)};. Substitute into (24),

AV (x)
< YD Pla) Y aj(@)EMs(Kja), Z))zy
feF a K;ek
= Pla) ) a/EM; (K- (a), 2)]
a feF
+B —¢ Z Ty
feF

= ZP(G)Z aj(a) Y asE[Mf(K;(a), Z))

K, ek feF
fZP > aj(a) Y wfE[My(Kjx(a), Z)]
K, e feF

—i—B—erf

fer

Our dynamic coding strategy chooses the control K, € K

as in (13), thus

> Pla)
Z Pla

> ajla) Y wsE[M;(K

K;ek feF

) Y aj(a) > 2 B[Ms(Kje(a), Z))-

K; ek fer

(a), Z)]

Thus we have

AV(x) < B-—c¢ Z xf.
feF

Taking the expectation over X, and sum the expected drift
over t = (O through 7' — 1, we have

1 T
%ZE[X]%[T]— F0]] STB =€) > E[X4[t]
f =0 f
Thus, by rearranging terms, we get
1 & B 1 )
TZZE[XJ‘VH s F BT ZE [X7[0]] -
f

t=0 f
Taking the limit as T’ goes to infinity yields:

limsup —= ZZE (X ¢[t]

T—o0 tO I

Since X ¢[t] only takes on non-negative values, thus the above
equation implies for each f we have

J\m

lim sup — Z]E (X[t <

T—o0

i.e., all deficit counters are stable.

APPENDIX C
PROOF OF PROPOSITION 2

We define the Lyapunov function
1 2
=52 X},
f
and study its expected drift given by
AL(X,t)

= E[L(X[t +1]) - LX) X[t]

3 (Xfm () Al - Mfm)

f
=Y O XFH|X[t )\[t]] .
f

In the following derivation, we omit the frame index t for
brevity. Note that X¢[t] and A¢[t] can be pulled out of the
conditional expectation.

AL(X, 1)
< > Xp((1—gp)As — E[My| X, A])
f

+% > (1= gpAs ~ E[M; X, A))°
7

= 2, At] = \]

< E

< Y Xp((1=gp)rs —E[Ms|X,A)) + By,
7



where By < oo is a finite constant that is a function of A,,4-

Note that by our feasibility assumption, the arrival process
Alt] = {Apin}s lies within the set A(q), i.e., there exists a
stationary policy such that all deficit counters can be stabilized.
We assume that such a stationary policy under the arrival
vector A[t] = {A,.un}s yields an average service vector
o = {ii} s, such that iy > (1 — py)Aun for all flows. By
adding and subtracting the term 7 Xfhg, we get

AL(X,1)
< Bi+ Y [(1—qp)As — fif) Xy
7
+y Xpiy— Y XfE[M;|X, Al (25)
f f

We have (25) < 0 since when the arrival vector A[t] =
{Amin}y. our policy maximizes ) X E[M[ X, {Amin} sl
thus 37, Xyfip < >0 XyE[My[X, {Amin}s]. When the ar-
rival vector has A¢[t] > Ay forany f, >° XfE[M¢| X, A]
is at least » . XfE[M¢| X, {Anin}ts]. Thus >, Xpfip <
> XyE[My| X, A] for all arrival vectors. Thus we have

AL(X,t) < Bi+ > [(1—qp)As — fif] Xy
!
To see the boundedness of > [(1 — qf)\s — fif] Xy, we
first show the following lemma:
Lemma 3: Let ¢nqr = max;y qy. Define

(26)

A 1 Amam /
"= 1 — gmaz aR? + m?x Uf(Amm) ’

if X¢[t] > R(r + Apas) for any f and t > R, then Af[t] =

Proof: Since the arrival in a frame is upper-bounded by
Aoz, wemust have X f[t] < Xy[t—1]4+Apqs. Thus, Xf[t] >
R(r+Amaqz) implies X¢[i] > Rr foralli € {t—R+1,--- ,t}.
Therefore, for all flow f and each frame 7 € {t—R+1,--- ,t},
we have

Apli] = Agli = 1]
< a(RUp(A\pli = 1]) = (1 = qp) Xyli — 1])

—~

a

S aRU)IF (Amzn) -

=

a(l = @maz)rR

_ AmCL‘T

— R )
where (a) holds because U} (-) is a decreasing function and
Af[-] > Apin. This implies that for each ¢ € {t—R+1,--- ,t},
the rate Az [i] will decrease by at least A4,/ R in each frame
until it hits its minimum possible value of A,,;,, and stays at
Appin until frame ¢. Thus, even if A\t — R] = Ap,qq, at the
end of the subsequent R frames, the flow rate will for sure
decrease to A¢[t] = Apin. [ ]

Based on Lemma 3, we let

g(a, R) £ R(r + Amaz),

Amafl’
R + m)zclx U}»(Amm))

A

then we have

I = gp)As[t] = fig) X [t]

1
= > 1 =gt - ) X (]
Xr[t]>g(a,R)
+ D (=gt — ag) Xg[t]
X¢[t]I<g(a,R)
< Z [(1 - qf)Amin - :af]Xf[t]

X[t]>g(o.R)
+IFlg(e, R) Amac-

To bound the remaining term, note that we have (1 —
qf)Amin — fif < —e for some € > 0 for all flows f by our
feasibility assumption. Then we have

I = ap)Aslt] — ig) X[
!

Xrlt]

2.

< e | Yo Xl -
7 X;[t]<g(o.R)

—l—\]:|g(0z,R)Amam
< _EZXf[t] +|Flg(a, R)(Amaz + €)-
f

We define By (a, R) = | Flg(a, R)(Amas + €). Substitute the
above into (26), we have

AL(X,t) < —€ Y X;[t] + By + Ba(o, R).
f
This implies that if ), X¢[t] >
some ¢ > 0, then AL(X,t) < —
Also note that, we have
2

SOXg | =D X7 =2L(X 1),
f f

(B1 + Ba(a, R) + 0) /e for
J.

thus, if L(X,t) > 1[(Bi+ Ba(a,R)+3d)/e?, then
AL(X,t) < —4. Further, AL(X,t) < B; + Bs(a,R)
otherwise. These facts imply that as ¢ — oo,

Bl —+ BQ(O{, R) —+ (S
V2e

Defining the right-hand side of the above inequality to be
c(a, R) gives the desired result.

E[L(X,t)] < < >2+Bl+BQ(a,R).

APPENDIX D
DERIVATION OF Fzrr (g ()

We first derive the probability P(ZRF(K) = y) that the
transmission to N users finishes in exactly y = rK + k time-
slots, where r = |y/K |, k =y mod (K) if y mod (K) #
0,and r = y/K — 1, k = K if y mod (K) = 0 such that
y=rK+kforke{l,2- - K}

Note that for packets {1,2,--- ,k}, they get a total of r+ 1
transmission opportunities up to the y'” slot, while for the
rest of the packets {k + 1,k + 2,--- , K}, they receive r
transmission opportunities in the total y time-slots. Also, the



packet k is being transmitted by the base station in time-slot
y. Thus, the event of {ZFF(K) = y} = E; N Ey N B3, where
E,, E; and Es5 are independent events as described below:

o FE; ={The packets {1,--- ,k — 1} are received success-

fully by all NV users in the previous 7 + 1 transmission
opportunities}. P(E;) = (1 — E’”H)N(kfl).

E; ={The packets {k + 1,--- , K} are received suc-
cessfully by all N users in the previous r transmission
opportunities}. P(Es) = (1 — ﬁ)N(K_k).

Es ={n € {1,2,---,N} users receive packet k suc-
cessfully for the first time in time-slot y (i.e., the
(r + 1)%* transmission of packet k) and the remaining
N —n users have successfully received it in the previous
r transmissions opportunities of packet k}. P(E3) =

Yoo (M- (@o"

The production of the probability of the above 3 events
gives P(ZRR(K) = y). Then, we get Fyrr(x)(z) =
P(ZEE(K) < z) by summing up P(ZFE(K) = y) for all
0<y<u.

[2]

[3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

(13]

[14]

[15]

REFERENCES

Dimitri P. Bertsekas.
Athena Scientific, 1995.
PP. Bhattacharya and A. Ephremides. Optimal scheduling with strict
deadlines. Automatic Control, IEEE Transactions on, 34(7):721-728,
Jul 1989.

L. Bui, A. Eryilmaz, R. Srikant, and X. Wu. Joint asynchronous
congestion control and distributed scheduling for wireless networks.
Proceedings of IEEE Infocom 2006.

Thomas M. Cover and Joy Thomas. Elements of Information Theory.
Wiley, 1991.

A. Eryilmaz, A. Ozdaglar, and M. Medard. On delay performance gains
from network coding. In Information Sciences and Systems, 2006 40th
Annual Conference on, pages 864-870, March 2006.

A. Eryilmaz and R. Srikant. Fair resource allocation in wireless
networks using queue-length based scheduling and congestion control.
In Proceedings of IEEE Infocom, volume 3, pages 1794-1803, Miami,
FL, March 2005.

A. Eryilmaz and R. Srikant. Joint congestion control, routing and mac
for stability and fairness in wireless networks. IEEE Journal on Selected
Areas in Communications, special issue on Nonlinear Optimization of
Communication Systems, 14:1514-1524, August 2006.

H. Gangammanavar and A. Eryilmaz. Dynamic coding and rate-
control for serving deadline-constrained traffic over fading channels.
In Information Theory Proceedings (ISIT), 2010 IEEE International
Symposium on, pages 1788 —1792, 2010.

I. H. Hou, V. Borkar, and P. R. Kumar. A theory of qos for wireless.
INFOCOM 2009, IEEE, pages 486494, June 2009.

I-Hong Hou and P. R. Kumar. Admission control and scheduling for
qos guarantees for variable-bit-rate applications on wireless channels. In
MobiHoc '09: Proceedings of the tenth ACM international symposium
on Mobile ad hoc networking and computing, pages 175-184. ACM,
20009.

J. J. Jaramillo and R. Srikant. Optimal Scheduling for Fair Resource
Allocation in Ad Hoc Networks with Elastic and Inelastic Traffic. ArXiv
e-prints, July 2009.

J. J. Jaramillo, R. Srikant, and L. Ying. Scheduling for Optimal Rate
Allocation in Ad Hoc Networks With Heterogeneous Delay Constraints.
ArXiv e-prints, July 2010.

Michael J. Neely. Stochastic Network Optimization with Application to
Communication and Queueing Systems. Morgan & Claypool, 2010.
Michael J. Neely, Eytan Modiano, and Chih-Ping Li. Fairness and
optimal stochastic control for heterogeneous networks. IEEE/ACM
Trans. Netw., 16(2):396-409, 2008.

M.J. Neely, E. Modiano, and C.E. Rohrs. Dynamic power allocation
and routing for time varying wireless networks. In Proceedings of IEEE
Infocom, pages 745-755, April 2003.

Dynamic Programming and Optimal Control.

(16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

D.G. Pandelis and D. Teneketzis. Stochastic scheduling in priority
queues with strict deadlines. Advances in Applied Probability, 26:258—
279, 1994.

Dinesh Rajan, Ashutosh Sabharwal, and Behnaam Aazhang. Delay-
bounded packet scheduling of bursty traffic over wireless channels. IEEE
Trans. Info. Theory, 50:125-144, 2004.

R. Srikant. The Mathematics of Internet Congestion Control. Birkhduser,
Boston, MA, 2004.

Raghava N. Swamy and Tara Javidi. Optimal code length for bursty
sources with deadlines. In ISIT’09: Proceedings of the 2009 IEEE
international conference on Symposium on Information Theory, pages
2694-2698, Piscataway, NJ, USA, 2009. IEEE Press.

L. Tassiulas. Scheduling and performance limits of networks with
constantly varying topology. IEEE Transactions on Information Theory,
43:1067-1073, May 1997.

L. Tassiulas and A. Ephremides. Stability properties of constrained
queueing systems and scheduling policies for maximum throughput in
multihop radio networks. Automatic Control, IEEE Transactions on,
37(12):1936-1948, Dec 1992.

L. Tassiulas and A. Ephremides. Dynamic server allocation to parallel
queues with randomly varying connectivity. [EEE Transactions on
Information Theory, 39:466—478, March 1993.

Z.-X. Zhao, S.S. Panwar, and D. Towsley. Queueing performance with
impatient customers. In INFOCOM ’91. Proceedings. Tenth Annual
Joint Conference of the IEEE Computer and Communications Societies.
Networking in the 90s., IEEE, pages 400-409 vol.1, Apr 1991.

Ruogu Li (S ’10) received his B.S. degree in Elec-
tronic Engineering from Tsinghua University, Bei-
jing, in 2007. He is currently a PhD student in Elec-
trical and Computer Engineering at the Ohio State
University. His research interests include optimal
network control, wireless communication networks,
low-delay scheduling scheme design and cross-layer
algorithm design.

Atilla Eryilmaz (S *00-M ’06) received his M.S.
and Ph.D. degrees in Electrical and Computer Engi-
neering from the University of Illinois at Urbana-
Champaign in 2001 and 2005, respectively. Be-
tween 2005 and 2007, he worked as a Postdoctoral
Associate at the Laboratory for Information and
Decision Systems at the Massachusetts Institute of
Technology. He is currently an Assistant Professor
of Electrical and Computer Engineering at the Ohio
State University. His research interests include com-
munication networks, optimal control of stochastic

networks, optimization theory, distributed algorithms, stochastic processes and
network coding. He received the NSF CAREER and Lumley Research Awards
in 2010.



