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A Markovian Design of Bi-Directional Robust
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Abstract— As a major tool for improving transport efficiency
by reducing header redundancy, robust header compression
(ROHC) plays an important role in modern packet-switched
wireless networks. However, widespread ROHC deployment is
in sharp contrast to extremely limited number of research
works on ROHC analysis and design optimization. In this paper,
we investigate a novel trans-layer approach in designing a bi-
directional ROHC under unreliable wireless channel conditions.
We propose a novel ROHC compressor design based on a new
formulation in terms of a partially observable Markov decision
process (POMDP). This new formulation robustly explores the
lower protocol layer signaling to optimize the compressor actions
dynamically on the header level and feedback polling. Our design
approach improves the transmission efficiency and curtails the
required ROHC feedback overhead. Furthermore, to reduce the
complexity of our optimized POMDP design, we propose a low-
complexity suboptimal ROHC compressor. Our novel trans-layer
designs achieve more flexible trade-offs between transmission effi-
ciency and feedback overhead than existing ROHC compressors.
They also demonstrate a substantial performance improvement
under poor channel conditions and long feedback delay.

Index Terms—Packet networks, packet header, compression,
ROHC, decision process, partial observation.

I. INTRODUCTION

N MIGRATING from 3G to 4G and now onto 5G services,

the wireless network infrastructure continues to converge
towards an all-Internet Protocol (IP) packet-switched (PS)
architecture for most wireless services [1, Ch. 4.5], [2]. At the
same time, the explosive growth of wireless data traffics and
services underlines the acute need to continuously enhance
the network efficiency under bandwidth and other practical
resource constraints. It is evident that future improvement
of wireless network performance should not focus only on
MAC and PHY layer techniques. Instead, closer examining
the IP-based protocol stacks over wireless infrastructures from
a trans-layer perspective may reveal untapped potentials for
significant performance improvement largely neglected by
most existing research works.
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Because of the large header size relative to the correspond-
ing payload size of many data packets, RObust Header Com-
pression (ROHC) has been utilized as an important process
to improve wireless transmission-efficiency in IP-based net-
works. For many applications such as VoIP, interactive media,
sensor networks, and Internet-of-Things (IoT), the size of
headers are usually comparable to or sometimes even larger
than that of the packet payload, leading to severe under-
utilization of limited radio resources. ROHC techniques lever-
age the fact that packets which belong to the same service
stream in a radio bearer [3] typically have headers with high
redundancy for compression. In fact, many header fields such
as source and destination addresses may remain static, or
may vary non-abruptly (e.g. sequence number) throughout
the lifetime of the data flow. Typically residing between
the internet IP/UDP/RTP layers and wireless RLC/MAC/PHY
layers, ROHC is responsible for curtailing header redundancy
that could otherwise severely waste the network connection
rate achievable by PHY/MAC layers. ROHC is specifically
designed for wireless links with larger packet error rate (PER)
and longer round trip time (RTT) than wired links, in order to
balance between compression efficiency and robustness against
poor channel conditions. To date, ROHC has been standardized
for various header profiles [4]-[6] and has found widespread
applications in many scenarios including the 4G-LTE cellular
network [3], satellite links [7], [8], underwater acoustic net-
works [9], [10], and tactical edge networks [11]. In light of the
rapid growth of IoT, whose data link layer is often character-
ized by limited packet size and high PER, it is foreseeable that
ROHC will play an even greater role in the near future as a
key enabling technology to achieve high efficiency [12], [13].

Although ROHC has been widely deployed in various
modern wireless communication systems, it is surprising that
thus far it has only attracted scant research attention. Most
existing ROHC studies centered on simulation-based perfor-
mance evaluations, which are highly dependent on the chosen
system settings and simulation environments, and naturally
lead to empirical ROHC parameter tuning [14]-[22]. In fact,
existing attempts to rigorously model, analyze, and optimize
these ROHC mechanisms have been very limited. The pio-
neering work of [23] proposed a comprehensive analytical
framework composed of 4 processes, including the packet
source, the channel, the compressor and the decompressor.
These 4 processes are modeled as either deterministic finite-
state machine (FSM) or Markov process interacting with
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one another. Based on this framework, performances in terms
of compression efficiency, robustness and transparency are
analyzed. An optimization problem to maximize the efficiency
under the transparency constraint with respect to the header
encoding parameters is studied. The analytical framework
in [24] has no packet source and introduced a compressor
process with slow start and periodic refreshment. The robust-
ness of ROHC versus the header encoding parameters are
studied under this framework. Reference [25] proposed an
even simpler analytical model with only the decompressor
FSM and a memoryless channel, and focused on the impact
of header encoding parameters on robustness and efficiency.
Reference [26] adopted a random memoryless compressor
model and a Markov channel model to study the behavior
of ROHC for different packet flow profiles. These works
all investigate the simple uni-directional ROHC where there
is no feedback to help the compressor to adjust the header
compression level.

One common shortcoming among existing ROHC standards
and most related studies is to isolatedly investigate ROHC
within a single layer in the protocol stack. Despite the fact that
ROHC is designed specifically for wireless packet-switched
links, there have been few attempts thus far to leverage trans-
layer network information in ROHC design and optimization.
We stress that trans-layer network information is available
from other layers within the network protocol that can help
boost the performance of the ROHC compressor/decompressor
at little or no additional cost. For instance, the authors of [27]
proposed to examine the hybrid ARQ feedbacks from MAC
layer to infer the success or the failure of packet header
recovery without relying on other dedicated feedback.
Nevertheless, this work requires the less practical assumption
of error-free and zero-delay (near instantaneous) “trans-layer
information” for such inference. Exploiting this trans-layer
design philosophy, our recent work [28] proposed a novel
control framework for uni-directional ROHC based on partially
observable Markov decision process (POMDP) without any
ROHC feedback channel. This newly proposed ROHC
framework demonstrates significant performance gains
over conventional, timer-based ROHC control even if
the trans-layer information does exhibit moderate error
probabilities and non-zero delays. Note that POMDP is a
control optimization strategy that has found application in
many fields [29], [30] including in wireless communication
systems [31]-[36]. We have also studied the optimization of
ROHC and user grouping for Multimedia Broadcast Multicast
Service (MBMS) in [37] and [38].

Encouraged by these preliminary successes, in the present
work we study the trans-layer control framework for the
more general bi-directional ROHC. Different from the uni-
directional ROHC [28], bi-directional ROHC decompressor
can send limited feedbacks about the decompressor’s state on a
designated reverse channel to assist the compressor’s control of
its compression level dynamically. One motivation to exploit
ROHC feedback is that our previous uni-directional ROHC
design requires additional APIs from other layers, which may
not be readily available in practice. In contrast, the dedicated
ROHC feedback is confined to one layer only is thus more

implementation-wise friendly. Although the presence of a
feedback channel appears to simplify the design of control
logic in the ROHC compressor, in many practical scenarios
with limited feedback resources, however, one must assess
the trade-off between compression efficiency and feedback
overhead. In other words, frequent feedbacks from the decom-
pressor would improve the header compression efficiency
by providing timely knowledge of the decompressor state.
However, the improvement requires more feedback channel
resource and can be quite costly.

Considering the performance-resource trade-off in this
work, we develop a polling-based (on-demand) decompressor
feedback mechanism for the bi-directional ROHC. In this
novel design, decompressor feedback is transmitted only when
polled by the compressor upon determining that its local
trans-layer information alone is insufficient for it to confi-
dently control its header compression decision. Specifically,
our design framework proposes to complementarily exploit
both the ROHC feedback and trans-layer information. In this
new framework, the decisions at the compressor are two-fold,
with respect to (w.r.t.) the compression level and when to
send a polling message for decompressor feedback based
on the compressor’s confidence on the decompressor state.
We formulate the optimal control process as a new POMDP
paradigm to achieve a flexible trade-off between feedback
rate and transmission efficiency. Compared with our previous
work [28], however, the introduction of the polling action and
a header source model leads to a much larger state space, such
that the rigorous POMDP formulation becomes vulnerable to
the “curse of dimensionality” problem as the delay of the trans-
layer information and ROHC feedback increases. To effec-
tively mitigate the resulting high computation complexity,
we propose a suboptimal myopic control strategy based on a
belief update process without having to fully solve the POMDP
instance with complexity that grows exponentially with the
feedback delay. Our test results show that both design schemes
achieve better trade-off than conventional bi-directional ROHC
design, thereby enabling practical implementation at much
worse channel conditions and for longer feedback delays.

We organize the manuscript as follows. Section II describes
the principle and the key components of the ROHC mech-
anism and specifies the underlying channel model used in
this work. Section III presents the POMDP design framework
for our trans-layer ROHC compressor. In Section IV, we
provide a detailed complexity analysis for the POMDP for-
mulation and develop a low-complexity trans-layer compressor
design for broader and more practical applications. Section V
presents some numerical results before the final conclusions
of Section VI.

II. SYSTEM MODEL
A. Notations

We use regular font, bold lower-case, bold upper-case, and
calligraphic letters, respectively, to denote scalars, vectors,
matrices, and sets. Let {A};; and {a};, respectively, be the
(i,7)-th entry of A and the i-th entry of a. Let A x B denote
Cartesian product of sets .A and B. The subscript (-)7 indicates
matrix transpose. We define an indicator function 1[expr] = 1
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if logical expression “expr” is true and 1[expr] = 0 otherwise.
We let the time index of the packet session be denoted by
“[t]” which represents the ¢-th packet transmitted. All indexing
variables start from 0 to be consistent with the popular C
programming convention. We also use “A” and “V” to denote
logical AND and logical OR, respectively.

B. Basics of ROHC

Since ROHC is a part of wireless networks not well known
to many readers, we shall provide a short introduction. ROHC
is typically the interface between two different packet proto-
cols. Taking 4G LTE as an example, the ROHC mechanism
resides in the Packet Data Convergence Protocol (PDCP)
sublayer which connects the global IP infrastructure and (the
Radio Link Control sublayer of) the cellular network. A key
function of the PDCP layer is to convert the highly redundant
headers from upper layers (e.g. IP, UDP, TCP, etc.) into
significantly shorter and efficient PDCP packet headers for
wireless transport, and vice versa. This header compression
step can save precious wireless bandwidth for transporting the
data payload.

Typical header compression by ROHC is lossy. Thus,
the compressor in ROHC relies on the context of successive
packet headers in a single stream (or radio bearer) to remove
redundancies. The decompressor also relies on the context for
recovering the full IP packet headers upon reception of the
compressed headers. The importance of header context at the
decompressor means that some decompression failures, which
are usually caused by successive packet errors at lower layers,
may have serious consequences. When the decompressor loses
its context after failing to decompress several packet headers,
subsequent PDCP packets could also suffer from decompres-
sion failures even if lower layers correctly deliver the packet.
Consequently, it is critical to investigate the design trade-
off between header compression ratio and robustness against
channel errors or packet losses.

C. ROHC Modeling

Consider the system model defined for ROHCv2 [5],
in which the ROHC decompressor at the receiver side is
modeled as a FSM as shown in Fig. 1. The decompressor
maintains a “context” based on which it recovers compressed
headers. Such context consists of a static part in the header
fields expected to remain unchanged throughout the packet
sequence’s lifetime (e.g. IP address), plus a dynamically
changing part in the header fields (e.g. RTP timestamp)
[6, §4.6].

At the start of each packet flow, ROHC decompressor is
in “No Context” (NC) state and cannot perform context-
based decompression. Hence, ROHC compressor sends
Initialization and Refresh (IR) packets with full headers
to establish context synchronization between the ROHC
compressor and the corresponding decompressor. Upon
successfully recovering one of the IR packet headers, the
decompressor enters “Full Context” (FC) state, after which
packets with fully compressed (CO) headers with a 3-bit
cyclic redundancy check (CRC) known as COs; headers
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Fig. 1. FSM model of ROHC decompressor (RFC5225).

can be transmitted to allow decompression. Since wireless
links between the ROHC compressor and the decompressor
are not perfect, decompression failures can occur because
of non-ideal conditions such as poor channel quality,
noise, and interferences. Repeated header failures can lead to
context damage at the decompressor, thereby downgrading the
decompressor into lower (RC or NC) states. If context damage
is detected in the dynamic header portion, the decompressor
would enter the “Repair Context” (RC) state, from which
successful decompression of either an IR packet or a weakly-
compressed CO packet header with a 7-bit CRC known as
CO; header with extra context information can repair the
dynamic context, allowing the decompressor to transition back
and re-enter the FC state. If static context damage is detected
in either FC or RC, decompressor will further transition
downward to NC, from which only successful recovery of
an IR packet header by the decompressor can return its state
to FC. Throughout this work, we denote ac € 7 = {0,1,2}
as IR, CO; and COj3; headers, respectively.

The ROHC compressor at the transmitter does not have
direct access to the receiver decompressor state. The ROHC
compressor is responsible for controlling the header type
of each packet based on its confidence and estimate of its
decompressor state. A key header compression algorithm is
called the Least Significant Bits (LSB) encoding. In LSB
encoding, an interpretation interval of size 2¥ is defined for
a k-bit encoding scheme such that the header field can be
compressed and decompressed so long as its value w.rt. a
reference value (namely the last value transmitted) falls within
this interval [5, §5.1.2]. Nevertheless, due to the potential
packet loss caused by the channel, the reference value seen
by the compressor and the decompressor may not be the
same, which would lead to a ROHC decompression failure.
In practice, there is a robust version of LSB named Window-
based Least Significant Bits (W-LSB) that maintains a sliding
window of W reference values instead of a single one. The
number of LSBs used to encode a new value is determined as
the maximum numbers of LSBs needed w.r.t. each of the W
reference values. Consequently, as long as the decompressor’s
reference value falls within the sliding window, it is in context
and is able to decompress the LSB-encoded header field.
In other words, a WLSB encoded field can be decoded
if there is a consecutive decompression failures of fewer
than W packet headers. In practice, the WLSB compression
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algorithm may also be limited by the maximum number of
LSBs, denoted as k42, that can be used to encode a header
field such that a very large header value change cannot be
compressed, in which case a packet header without dynamic
field compression must be sent.

D. Decompressor Feedback in Bi-Directional ROHC

In the bi-directional mode of operation, the ROHC decom-
pressor sends feedback information to the transmitter to assist
the compressor in learning the decompressor state and making
compression level decisions. The compressor always starts
in uni-directional mode without feedback such that the com-
pressor may rely on periodic resets (by IR packets) to avoid
the propagation of context damage. Once a decompressor
feedback is received, the compressor will assume that such
feedback is always available for this ROHC session [5, §5.2.3]
and the compressor may simply rely on this “reliable” feed-
back channel to better estimate the decompressor state for
subsequent header decisions in the bi-directional mode.

Feedbacks provide accurate knowledge on the decompres-
sor’s state, based on which the compressor can determine
the maximum compression level that can be applied to the
header without causing the propagation of context damage,
and thus improving the robustness and compression efficiency.
However, frequent feedback will also introduce additional cost
such as additional bandwidth usage on the reverse-link channel
and delays, therefore the ROHC decompressor should limit
the rate at which it sends feedback [5, §5.2.3]. Nevertheless,
presently it remains unresolved how to address the trade-
off between the performance of the ROHC forward channel,
namely transmission efficiency and reliability, and the cost
on the reverse-link channel from ROHC feedbacks. In this
work, we propose a transmitter-initiated feedback polling
scheme, in which the compressor at the transmitter directly
polls the receiver for decompressor feedbacks according to
compressor’s need. The polling scheme should be based on the
compressor knowledge and confidence on the decompressor’s
state as well as its design consideration when optimizing the
trade-off between the performance and the feedback cost.

E. Channel Model

The Gilbert-Elliot channel model [39] has been a typ-
ical framework utilized in existing works [17], [23], [40]
on ROHC for modeling the time-varying channels at the
ROHC level. The Gilbert-Elliot model characterizes the ROHC
channel using a Markov chain consisting of two states:
“good” versus “bad”. However, the accuracy of such channel
model is questionable since most channels’ quality may not
be easily differentiable as in either “good” or “bad” state.
Moreover, the assumption that a packet transmission over the
channel always succeeds in “good” state and fails in“bad”
state [26] does not fully take into account effective error-
control measures such as link-adaptation and HARQ in lower
protocol layers. For this reason, as suggested in the original
Gilbert-Elliot model [41], a more accurate model with greater
granularity to characterize the ROHC channel would be a
Markov chain with more states, each associated with a known

probability of successful transmission. The parameters of such
a channel model can either be estimated [42] or derived
from the physical layer channel [43]. Furthermore, owing
to the impact of significantly different packet sizes resulting
from different levels of header compression, the same lower-
layer configuration can still lead to different packet error
characteristics for different types of headers.

Similar to our recent work [28], we adopt a general K -state
Markov chain with states K = {0, 1, ---, K — 1} to model
the ROHC channel. Such a channel model is characterized
by its transition probability from state sy to Sy, denoted
as p(Sylsy), su,5ny € K, as well as the probability for
successful transmission of a packet of type ac under the
channel state Sy, denoted as p(Srlac, Sm), ac € 7 and
Sg € K, where 50 € B={0,1}. We use s =0 and §p =1
to denote failed or successful packet transmission, respectively.

III. A NEW TRANS-LAYER BI-DIRECTIONAL
ROHC COMPRESSOR DESIGN

To present our novel bi-directional ROHC compressor
design based on the trans-layer principle, we first present the
assumptions necessary for the Markov model. These assump-
tions serve to facilitate simple yet meaningful analysis.

A. Assumptions and Notations for State Variables

(A1) The three types of headers and the payload capsule in
a packet have fixed lengths, denoted as Hy, H1, Hy and
Lp, respectively, such that Hy > H; > Hy would
reflect different compression levels of IR, CO7 and COg3
headers. The total length of IR, CO7 and COs packets
are denoted as Lg, L1, Lo, respectively, L; = H; + Lp,
1=0,1,2.

The static part of the header remains unchanged
throughout the lifetime of the packet sequence (or flow)
in question. Hence, only one successful reception of a
IR packet is needed for the decompressor to establish
the static context.

The compressibility of the dynamic header part follows
a Markov process. Apart from context damage due to
consecutive packet losses, if a header is not compress-
ible, an IR or CO; header also needs to be transmitted
to reinitiate the context.

(A2)

(A3)

We have explained our reasoning behind assumptions
(A1) and (A2) in our recent work on uni-directional
ROHC [28]. For the ROHC system model to be more accurate
and practical, we introduce the Markov header source model
represented as compressibility in assumption (A3), which is
a simplification of [23] based on two considerations: (a) the
compressor is typically co-located at the packet source in prac-
tice such that it is unnecessary to introduce a channel model
between the source and the compressor; (b) the compressibility
based on the delta process in [23] depends on probabilities up
to the (W — 1)-th order, leading to a state space whose size
grows exponentially with W.

Based on assumptions (A2) and (A3), the ROHC decom-
pressor can be represented by a finite state machine (FSM)
in Fig. 2, in which FCy, ¢ = 0, ..., W — 1 denotes that
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Fig. 2. FSM model of ROHC decompressor for LSB-encoded field.

the decompressor remains in FC state after losing the last
¢ consecutive packets. Labels NC and RC denote the states
as their names suggest. Denote sg as the state of the header
source, where sg = 1, 0 respectively, represents compressible
and non-compressible headers. If the decompressor is in FCy
state, then we denote sp = ¢,/ =0,..., W — 1.

For convenience of notation, we let sp = W and
sp = W 4+ 1 denote the decompressor state of RC and
NC, respectively. Overall, the decompressor’s state space is
D={0,1, -, W+1}.

We now define the state transition in Fig. 2, which depends
on the header type ac, the transmission status 57 = {0, 1}
and the compressibility sg = {0, 1}, respectively. Let 5p be
the next state, then

p(Sp=W+1lsp =W +1)

1
1[57 =0V ac # 0], (1a)
157 =1Aac =0), (1b)
1s7=1A(ss =1Vac #2)],

p(§D = O|SD =W+ ].) =
p(§D = 0|SD Zf) =

{=0,....,W—-1 (1c)
p(§D:£+1|SD:£):1[§T:0/\SS:1],
£=0,...,W—=2 (1d)

p(5p =Wlsp =£) = 1[ss=0A (57 =0V ac = 2)],
0=0,...,W =2 (le)
p(Sp=Wlsp =W —1) = 1[s7=0V (sg =0 A ac = 2)],

(1f)
p(p =Wlsp =W) =1[5r =0Vac = 2], (1g)
p(5p =0Jsp = W) = 1[5 = 1 Aac # 2). (1h)

B. Exploiting Trans-Layer Information

Our investigation on ROHC shall build upon a POMDP
framework to exploit trans-layer information as input for con-
trolling compressor decisions. The diagram of our trans-layer
design approach is drafted in Fig. 3. In addition to the polled
decompressor feedback in bi-directional mode, our ROHC
compressor also utilizes the channel state and the transmission
status estimation, following the concept first proposed in our
previous work on uni-directional ROHC [28].

UNCOMPRESSED DELIVERED
PACKETS PACKETS
CHANNEL A
v
TRANS-LAYER || FEEDBACK
ROHC < ROHC
»| DECOMPRESSOR
COMPRESSOR COMPRESSED
? : PACKETS, A
: FEEDBACK ;
TRANS- : REQ.
LAYER : i
ESTIMATOR : H
I v _— _— ,
i MAC/PHY LAYER i > MAC/PHY LAYER i
TRANSMITTER RECEIVER

Fig. 3. The system diagram of the trans-layer ROHC design.

Continuing our discussion with wireless networks as an
example, we note the existence of a plethora of trans-
layer information including channel quality information (CQI),
hybrid-ARQ (HARQ) feedbacks, frequency of header context
initialization, among others. The trans-layer information is
complementary to the bi-directional ROHC feedback. Such
information is inherent in the network’s lower layer activi-
ties but has not been designed or envisioned to help derive
state information about the ROHC decompressor. Neverthe-
less, without incurring any additional bandwidth cost, trans-
layer information can provide partial information (observation)
about the decompressor state.

From the system diagram of Fig. 3, We model the imperfect
trans-layer observations as follows:

1) The channel state estimation zy € [ is character-
ized by p(zu|5u) = {En}sy.54, Where Ep is the
channel observation matrix. In other words, the channel
manifests as a hidden Markov model (HMM) whose
observation space and the state space are identical.

2) The transmission status estimation zp € B is character-
ized by the transition probability p(z7|S7) which can be
summarily written as Pra and Pyp, or equivalently in
a matrix form

1— Pgpa
Pyvip

Pra
1—Pup|’

Another practical assumption is that zp and zy arrive with a
delay of d packet durations.

In contrast, the ROHC feedback zp € D, =
{—1,0,...,W+1} is able to accurately report the decompres-
sor state at the time when the decompressor responds to the
polling request from the compressor. In other words, zp € Dy
corresponds to the decompressor state defined in Fig. 2. Let
zp = —1 denotes no feedback reception. For simplicity and
without loss of generality, we further assume that the ROHC
feedback is received by the compressor with a delay of d
packets, identical to the trans-layer observation delay.

C. A POMDP Formulation

As a powerful tool to address the optimal control problem in
a dynamic system that cannot be observed with complete cer-
tainty, POMDP is defined by the tuple (S, A, Z, T, O, R) [44]:
S, A, Z are the sets of states s, actions a and observations z,
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TABLE I

SUMMARY ON POMDP VARIABLES. TYPE ‘S’, ‘A’, ‘Z° REPRESENTS
STATE, ACTION AND OBSERVATION VARIABLES, RESPECTIVELY

Notation Meaning Type
ar Action history of feedback polling S
ac Action history of header type S
Ss State history of header source S
Sp Decompressor state S
sT Transmission status S
SH Channel state S
ac Action of header type selection A
ap Action of feedback polling A
ZD Delayed observation on decompressor state Z
zr Delayed observation on transmission status Z
zZH Delayed observation on channel state Z

respectively. A transition function T'(s,a,5) = p(5|s,a)

denotes the transition probability from s to § given a € A.
An observation function O(s,a,z) = p(z|5,a) denotes the
probability of observing z € Z from FSM in state 5 after
action a. An instantaneous reward function R(s, a, 5) denotes
the immediate reward of transitioning from s to § given
action a. Generally speaking, the objective of POMDP is to
decide the optimal action a at each time slot based on the
observation z, in order to maximize the expected long-term
reward.

To see how our trans-layer design of bi-directional ROHC
can be formulated into a POMDP, the operation of the afore-
mentioned system model is summarized as follows. At time
slot ¢, the ROHC compressor receives channel state and
transmission status estimation zy[t] and zp[t], as well as
the state feedback zp[t]. These three observations serve as a
posteriori information of the channel state, transmission status,
and the decompressor’s actual state d time slot ago, due to
the observation/feedback delay d. In other words, zg[t], zp[t]
and zplt] are associated with syt — d] = syt —d + 1],
Sr[t—d] = sp[t—d+1] and Sp[t —d] = sp[t —d+1], via the
observation functions. The ROHC compressor also keeps track
of its belief on sy [t —d], syt —d] and sp[t — d], which serve
as a priori knowledge on Sy [t — d], 37|t — d] and Sp[t — d]
via a state transition function which depends on the header
type, the feedback polling, and the header compressibility,
denoted as ac([t — d|, ap[t — d] and sg[t — d], respectively.
By combining a posteriori and a priori information with
Bayesian formula, the belief on the ROHC system’s state can
be updated. Our POMDP formulation is then completed by
associating a reward function, which promotes transmission
efficiency and penalizes feedback overhead, with the state of
the ROHC system and the action taken.

More specifically, our POMDP-based trans-layer ROHC
compressor is illustrated with a dynamic Bayesian network
(DBN) in Fig. 4. The variables characterizing the POMDP are
summarized in Table I and fully explained as follows:

e The state variables at time slot ¢, ie. s =
(ap,ac,ss,Sp,sr,sg) € S, where s € S with
state space S = Bt x T4 x B4+ x D x B x K.

The 6 components of the state variable at time slot ¢
are defined as:

1) ap = (ap[t —1],...,ap[t — d — 1]) contains the
feedback polling history between interval [t —d — 1,
t—1].

2) ac = (ac[t—1],...,ac[t—d]), contains the header
types transmitted between interval [t — d,t — 1].

3) ss = (sslt],...,ss[t — d]) denotes whether or not
the headers in time interval [t — d — 1,¢ — 1] is
compressible.

4) sp = sp[t — d] denotes the state of the decompres-
sor at time t — d.
5) sy = sr[t — d] denotes the packet transmission
status at time t — d.
6) sy = sp[t — d] denotes the state of the Markov
channel at time t — d.
Note that ap, ac and sg are fully observable to the
ROHC compressor as it can memorize the actions it
had taken and the compressibility of the preceding head-
ers. On the other hand, sp, s and sy are not fully
observable, which reflects the nature of sporadic polled
feedbacks and the imperfect trans-layer observation.

o The actions taken by the compressor at time ¢, i.e. a =
(ac,ap) € A where A = T x B denotes the action
space. As explained in Sec. III-A, the compressor takes
two actions:

1) ac € T = {0,1,2}, the header type for the next
packet to transmit.

2) ap € B = {1,0}, whether to poll a feedback from
the decompressor or not.

o The observations by the compressor after its action a and
its state transition to s are z = (27, zy, 2p) € Z where
Z =B x K x Dy is the observation space. As explained
in Sec. III-B, the observations utilized by the compressor
contain three components:

1) zp: the transmission status estimation delayed by d.
2) zp: the channel state estimation delayed by d.
3) zp: the decompressor state feedback delayed by d.

Three functions are defined over these three sets of variables:

« The transition function 7'(s, a, s) = p(s|s, a) denotes the
transition probability from s, the system’s state at time
t, to s, the system’s state at time ¢ + 1, given the action

ac A

T'(s,a,8) = p(Sslss)p(5u|sm)
x p(5plsp, $r,ac|t — d], ss[t — d])
x p(8rlaclt —d],5m)
-x(ar,ar,ap) - x(ac,ac.ac),  (2)
The state transition function consists of the following
conditional probabilities:
1) The transition of the state history of the header

source sg,

p(sslss) = p(5s[t]|ss|t])
1[§S[t— 1] = Ss[t] VAN §S[t—d— 1]
s|



26

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 18, NO. 1, JANUARY 2019

where state transition from sg|t] to 5g[t] = sg[t+1]
follows the Markov header source model defined in
Sec. III-A, while the remaining state history needs
to be consistent between t and ¢ + 1.

2) Channel transition probability p(5g|sg ), defined by
the Markov model in Sec. II-E.

3) The probability distribution of transmission status,
p(8rlac|t — d],5m), which depends on the header
type and the channel state, and is also defined by
the Markov channel model in Sec. II-E.

4) The action history from time ¢ to ¢ + 1, which is
enforced by the indicator function

x(a,a,a)
=1llag=aAar=agA...Napym = am—1] (4)

o The observation function O(S, a,z) = p(z|S,a) denotes

the probability of observing z € Z in state s after action
a, which is defined as:

O(s,a,z) = p(zu|su)p(2r|sT)
Xl[(ZD:—]. N C_lp[t—d—].]:())\/
(ZD =5p A @F[t —d— 1] = 1)], 5)

As shown in Sec. III-B, the observation function consists
of the following conditional probability functions:

1) p(zg|5m) that represents the channel estimation
function.

2) p(zr|sr) that represents the transmission status
estimation function.

3) The rest of Eq. (5) simply indicating that a state
feedback from the decompressor can be received by
the compressor at time ¢ if the compressor polls the
decompressor at time ¢t —d — 1.

The design objective of our POMDP formulation is to
maximize the transmission efficiency n penalized with the
feedback rate 6. The transmission efficiency is defined as
the ratio of the total payload bytes delivered to total bytes
transmitted:

Do Lpllsplt] = 0]
Z;‘ZO Lac (1]

where sp[t] = O represents the event of a successful
decompression. The feedback rate 6 is defined as the
mean feedback request per PDCP packet. Using A\ as a
trade-off parameter between efficiency and feedback, our
goal is to find the optimal policy via

n=E

(6)

max 7 — A0 (7

where the policy function m maps observable states
and belief on unobservable states to an action, and is
to be discussed in detail in Section IV. In order to
achieve this objective, the instantaneous reward function
R(s, a, §), which represents the immediate reward gained
by moving from s to s given action a, is designed
as follows. To enable a infinite-horizon POMDP for-
mulation, we approximate the transmission efficiency 7

Fig. 4. DBN diagram of POMDP-based bi-directional ROHC.

TABLE I

EXAMPLE 1: A SEQUENCE OF STATE TRANSITIONS,
ACTIONS AND OBSERVATIONS FORd = 0

t Sg SpD ST SH ac ap 2D 27 ZH
0 0 W42 ™ 0 1 - -
1 1 0 1 1 2 0 0 1 1
2 1 1 0 0 2 0 -1 0 0
3 0 0 1 1 2 1 -1 1 1
4 ? W +1 1 0 ? ? W+1 1 0

defined in Eq. (6) with the expected discounted sum of
instantaneous transmission efficiency:

(o)
- L,1[spt] = 0]
= E| 22— |, 8
=7 . ®)
t=0 clt]

where 0 < v < 1 is the discount factor of the infinite
POMDP problem. Consequently, our POMDP framework
is completed with the definition of reward function:

R(s,a,5) = Lp/L(act — d)) - 1[5p = 0]
— X 1apt—d—1]=1. (9

where L(ac[t — d]) denotes the total length of packet
with header type ac[t — d.

It is worth noting that when X is large enough and the
feedback is so heavily penalized that the resulting feedback
rate approaches 0, the bi-directional solution effectively degen-
erates into the uni-directional solution studied in our previous
work [28]. On the other hand, when X is set to 0, the result-
ing 7, when compared with that of the uni-directional solution,
represents the maximum performance gain introduced by
the feedback. To better illustrate how our trans-layer ROHC
system works, we provide two sequences of state transitions,
actions, and observations following Fig. 4 as examples with
detailed explanations in the next section.

D. Understanding the POMDP Model

A sequence of state transitions, actions and observations
based on our trans-layer ROHC design for d = 0 is demon-
strated in Table II. Note that the state variable ar in Fig. 4 has
been omitted since it is replaced with the action variable ar.

- At t = 0, the first header to transmit is incompress-

ible (ss = 0) and the decompressor is in NC state
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TABLE III
EXAMPLE 2: A SEQUENCE OF STATE TRANSITIONS, ACTIONS AND OBSERVATIONS FOR d = 2

t ac ap sg Sp ST SH ac ap 2D 27 ZH
0 (_7_) (_1_’_) (0’_7_ - - - 0 1 - - -
1] ©-) @a--) (1,0-) - - -2 o - - -
2 (2,0) (0,1,-) (1,1,0) W +2 - T 2 0 - - -
3 (2,2) (0,0,1) (0,1,1) 0 1 1 2 1 0 1 1
4 (2,2) (1,0,0) (1,0,1) 1 0 0 ? ? -1 0 0
5 (7,2) (7,1,0) (7,1,0) 0 1 1 ? ? -1 1 1
6| (2,7 (1) (3,71 W41 1L 0 | ? 2 | W+1 1 0

(sp = W + 2). The last transmission status is unknown
but it will not matter (s = —1). The initial channel status
is also unknown and follows the stationary distribution
of the Markov channel model (sy = m). The ROHC
compressor decides to transmit an IR packet (ac = 0)
and to request a feedback (ar = 1) which triggers a
state transition.

- At t = 1, the channel state corresponding to the first
packet transmitted is sy = 1 and the corresponding
transmission is successful (s = 1); Hence the decom-
pressor is now in FCy state (sp = 0). The next header to
transmit is compressible (sg = 1). Assuming the channel
state and transmission status estimate are both correct,
we have z = 1 and 2z = 1. Also as a ROHC feedback
has been requested at ¢ = 0, the decompressor’s state
is also observed (zp = 0). The ROHC compressor then
decides to transmit a COs3 packet (ac = 2) but requests
no feedback (ar = 0).

- At t = 2, the channel state corresponding to the second
t transmitted packet is sy = 0 and its transmission has
failed (s = 0), sending the decompressor into FC; state
(sp = 1). The next header to transmit is compressible
(ss = 1). Again correct channel state and transmission
status estimate lead to zy = 0 and zy = 0. Since no
ROHC feedback was polled at ¢ = 1, the decompressor
state is not observable (zp = —1). The compressor then
decides to transmit a COs3 packet (ac = 2) but requests
no feedback (ar = 0).

e At t = 3, the channel state corresponding to the third
packet transmitted is sy = 1 and its transmission is
successful (s = 1). Thus, the decompressor reverts back
to FCy state (sp = 0). The next header to transmit
is incompressible (ss = 0). The channel state and
transmission status are still correctly observed as zp = 1
and zr = 1. Since no ROHC feedback was polled at
t = 2, the decompressor state is unobservable (zp = —1).
The ROHC compressor then decides to transmit a COgs
packet (ac = 2) and to also request a feedback (arp = 1).

o At t = 4, the channel state corresponding to the fourth
packet transmitted is sy = 0 and the corresponding
transmission is successful (s = 1). However, since the
header scheduled at ¢ = 3 is incompressible, given a fully
compressed CO3 header transmission, the decompressor
now enters RC state (sp = W + 1). The channel state
and transmission status are still correctly observed as
zy = 0 and zp = 1. Since a ROHC feedback has been

requested at ¢ = 3, the decompressor state is observable
as zp =W + 1.

Now we consider a second example which experiences the
same sequence of channel states, transmission status, header
compressibility, ROHC compressor actions and observations.
The only difference from the previous example is that now
there is an observation delay of d = 2 packets. Following the
definition in Fig. 4, the state variables are re-defined as:

e ap = (ap[t—1],...,ap[t —d—1]), the feedback request

history up to d + 1 packets ago.

e ac = (ac[t—1],...,act — d]), the header compression

type history up to d packets ago.

e S5 = (sslt],...,ss[t — d]), the header compressibility

history up to d packets.

e sp = sp[t — d], the decompressor state d packets ago.

o sy = sp[t — d], the transmission status d packets ago.

e sy = syt — d], the channel state d packets ago.

The sequence of state transitions, actions, and observations are
demonstrated in Table III, which illustrates how state transi-
tions and observations are “shifted”, depending on historical
actions.

E. POMDP Framework Summary

The sequence of operations of the POMDP framework is as
follows: At each time slot ¢, the ROHC compressor keeps track
of the belief ¢;(sy) on all the unobservable state variables
su = (sp, sr,sm). It also maintains the exact state of the
observable state variables so = (ar,ac,ss). The POMDP
must decide the best action to take according to the solution
of its policy by mapping its full state space over sy and sg
to the action space A. In other words, if we let Sy denote
the state space of sy and let qu = {¢:(sy) : sy € Sy} be
an |Sy|-dimensional vector containing its current beliefs, then
the POMDP decision policy is simply a = 7(qu, so).

Action a = 7(qu,so) at time ¢ will trigger another state
transition, leading to new observation z and sp. The com-
pressor updates its belief over the unobserved states according
to [44, §12]:

gi+1(5v) = [p(zla)] ' O(5u, a,2[50)
x 3" T(sv,a5uls0)a(sv), Vsu € Sy

sy ESU
(10a)
p(zla) = Y O(B,a,z[s0) Y T(su,a,Blso)a(sv).
BeSu sy ESy
(10b)
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POMDP Agent Observation
Belief Update
'T‘> """""""" Z
™ _(Ea go)
..... a,| |s, le—25s,
T[(q .S —» Step 1l
v O) ----- > Step 2
== Step3

Fig. 5. The diagram of POMDP framework. Step 1: the policy function takes
qu and sp as input to compute the optimal policy a; Step 2: compute the
belief on the unobservable states based after taking the action a and observe
z and Sp; Step 3: update the belief on the unobservable variables qr; and
the value of the observable variables so.

where

T'(sv,a,8vulso) = p(Sulsu)p(3pl|sp, 51, aclt—d], ss[t—d])
x p(8rlaclt —d],5m) (11a)
O(§U7a,Z|§O) = 0(5537 Z)) (11b)

while sp are directly observed. From here, the POMDP enters
the next stage of t4+1. The POMDP framework is demonstrated
in Fig. 5.

IV. SOLVING THE POMDP PROBLEM
AND A COMPLEXITY ANALYSIS

In general it is difficult to solve POMDP problems
exactly due to their high complexity [45]. Nevertheless,
there are a number of efficient approximate solutions such as
MDP-based heuristics and point-based value iteration methods
as mentioned in [44, §12.3] and the references therein.
Multiple implementations are available for POMDP problems
of various sizes [46]—-[49]. In this work, we adopt the SARSOP
algorithm [46] for solving POMDP on a general-purpose PC
which can provide satisfactory solutions for state space with
size in the order of 10* within seconds. Since the POMDP
problem needs only to be solved once for anticipated channel
settings a priori, our proposed algorithm can be executed
during each user’s ROHC negotiation or even offline followed
by a simple policy look-up based on the channel setting.

On the other hand, the run-time complexity of the POMDP
stems from two types of operations for each packet to transmit.
First, the complexity to perform the belief update in Eq. (10)
is O(|Su|?) = O(2K(W + 2))?). Second, the complexity
to select the optimal action involves evaluating the numerical
solution of the policy function 7 (-). The optimal value function
of the finite-horizon POMDP is piecewise linear and convex
(PWLC), while the optimal value function of the discrete
infinite-horizon POMDP can be approximated asymptotically
by a PWLC function [50], [51]. Specifically, most POMDP
algorithms including SARSOP construct their policy function
based on a set of mappings, each associated with a possible
value of the observable variable s € Sp. Among them,
the mapping associated with the observable variable sp is
denoted as Vs, — A: 75, (v), which maps |Syr|-dimensional

vector v € Vs, to an action a € A and Vs, is given by the
numerical solver. The policy function is evaluated as:

T(qu,s0) = Tse (arg max VTqU) (12)

ve sO

Hence the maximum complexity to evaluate the policy
function once is maxs,es, O(|Vso ||Sul)-

V. Low COMPLEXITY BI-DIRECTIONAL
ROHC COMPRESSOR DESIGN

In the previous sections, we have rigorously formulated
our trans-layer bi-directional ROHC compressor design into
a POMDP and provided a complexity analysis for using
typical solvers. However the large state space of size |S| =
8-129(W +3) K, which scales exponentially w.r.t. the feedback
and the trans-layer estimation delay, makes it difficult to solve
the POMDP offline. Furthermore, the PWLC evaluation of
the policy function introduced in the last section may lead
to high storage requirement and computational complexity at
runtime. These shortcomings prompt us to develop suboptimal
approaches for additional complexity reduction. In this section,
we propose a heuristic policy function that is based on the
same belief update process in Eq. (10) with a complexity that
scales linearly with the observation delay d.

It is noted that the run-time belief-update does not suffer
from the exponentially-growing complexity w.r.t. the delay d,
unlike the process for solving the POMDP. Consequently, we
propose a sub-optimal policy for the ROHC based on the same
belief-update procedure as in Eq. (10). The key idea of this
sub-optimal policy is as follows:

o Select the header type ac by thresholding the probability
of the decompressor currently being in NC/RC state and
the current header source state.

o Select the feedback action ar by thresholding the entropy
of the marginal distribution of the decompressor’s current
state.

Both criteria require computing the probability distribution
of splt] from the belief of the ROHC system, i.e. the joint
probability distribution of (sp[t — d], sp[t — d]. sg[t — d]),
as well as the header type history and the header source state
history from ¢ — d to ¢t. The joint probability distribution can
be iteratively evaluated as

p(sylt —m+1]) = p(sut — m])T(suy[t — m],
ac[t —m], syt — m+ 1]|ss[t — m]),
(13)

form =1,...,d, by noticing that T'(sy, a, Sy |so) in Eq. (11)
depends on a and sp only via ac[t — d] and sg[t — d],
respectively. Then the marginal distribution of sp[t] can be
simply evaluated as p(sp[t]) = >, > s, P(sult]). The
suboptimal policy for stationary stage ROHC 1s summarized
in Algorithm 1.

This algorithm does not require solving POMDP. Therefore,
there is no offline computation complexity. The run-time
complexity includes that of the belief update in step-14, which
is O(2K (W + 1))?) as discussed in Section IV, as well as
that of the “prediction” step to evaluate p(sp[t]) in step-4,
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Algorithm 1 Myopic Policy Based on Belief-Update

1: Select the threshold parameters Pp rc, Pp,nyc and Hp.

2: Set t = 0. Initialize qu[t] = p(sy[t — d]) and sglt].

3: while Packets being transmitted do

4:  Evaluate p(sy[t]) with Eq. (13). Then evaluate the
entropy Hy[t] of p(sylt]).

5: if p(SU[t] =W+ 2) > Pp nc then ac =0

. else
7: if sg[t] = 0 or p(sy[t] = W + 1) > Pp rc then
ac = 1
: else ac =2
o: end if
10: end if

11: if HU[t]>HD then ap =1

122 elsear =0

13:  end if

14:  Take action a = (ap, ac) and observe z[t] and sg[t+1].
Update the belief for qu[t + 1] and the observable
state so[t + 1].

15 t—t+1

16: end while

TABLE IV
THE DEFAULT SIMULATION SETTINGS

WLSB W=5
Header/Payload Lo=59, L1 =15, La=1,Lp =20,lc =10
Channel lp=5,e=0.1;, pp =0.9, pg =0.1
Delay d=2

Trans-Layer Info P(zy =Blsh; =G) = P(zy = G|s}y =B)

=€y =0.1
POMDP ~ =095
Compressor A = [0.00,0.001,0.01,0.05,0.1,0.2,0.5]
Myopic Pp nc =03, Pp rc =03
Compressor Hp =10,0.1,0.2,0.3,0.4,0.6,0.8, 1] log(W + 3)

which is O(d(2K (W + 1))?). Consequently the overall run-
time complexity scales well as it only grows linearly with d.

VI. NUMERICAL EXAMPLES AND RESULTS

In this section we present the numerical results to demon-
strate the performance of our proposed trans-layer bi-
directional ROHC compressor designs in comparison with
the conventional bi-directional ROHC with a practical packet
structure, WLSB encoding scheme and Gilbert-Elliot channel
model.

A. Test Setup

Unless otherwise noted, we use the following default sim-
ulation settings similar to that in our previous work [28] as
listed in Table IV.

In addition to the parameters defined in [28], the trade-
off between the feedback rate and the transmission efficiency
is controlled by the parameter A and Hp for the POMDP
compressor and the myopic compressor, respectively. For each
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Fig. 6. The empirical efficiency 7 versus the feedback rate under different

channel state estimation error probability ezr.

given A or Hp, a specific policy is determined by solving
POMDP in Eq. 7 or given by Algorithm 1, respectively.
The resulting empirical (n,6) are plotted into a trajectory
by varying A\ or Hp, representing the achievable trade-offs
of transmission efficiency and feedback cost by either design
approaches. The benchmark comparison is against two con-
ventional bi-directional ROHC compressor designs, namely,
the Optimistic mode (O-mode) compressor and Reliable mode
(R-mode) compressor.

The O-mode decompressor sends feedback to request con-
text update if it is in NC or RC mode. The R-mode decompres-
sor sends state feedback for each packet and its performance
serves as an upper bound of the transmission efficiency.
However, in practice it suffers the most from feedback delay
and channel idling due to transmission stoppage because the
compressor must wait for the feedback from the previous
transmission. Let n denote the cumulative number of packets
transmitted. All the performance results are compared for two
different snap-shots n = 50 and n = 1000 in the ROHC
session in order to characterize both the initial phase and
the stationary phase of the header compression operations.
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All the POMDP instances in our simulation are solved with
SARSOP using a timeout setting of 30 seconds, and the
resulting maximum gap between the upper and lower bounds
of the value function is 5.03%.
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Fig. 9. n versus the feedback rate under different channel quality ep.

B. Performance Comparison

In Fig. 6 and Fig. 7, the performance of our two trans-layer
compressor designs under different trans-layer information
accuracies are compared with that of the two conventional
compressors. The accuracies are characterized by the error
probability of the channel state estimation, denoted as p(zy =
B|shy = G) = p(zu = G|sly = B) = ep, and that of the
transmission status estimation, denoted as Prpa = Pup = €7
As we can see, both the POMDP-based compressor and the
myopic compressor design achieve higher transmission effi-
ciency over a wide range of feedback rate, particularly during
the early stage of the transmission due to the initialization
effect. The conventional bi-directional ROHC compressor in
comparison shows no performance advantages and cannot
support low feedback rate at all.

Note that, similar to our discoveries in previous work [28],
the transmission efficiency appears to degrade less gracefully
when feedback rate is low for less accurate transmission esti-
mate instead of less accurate channel state estimate. In other
words, the trade-off between transmission efficiency and feed-
back rate is more sensitive to the error in transmission status
estimate er than that of the channel state estimate €.



WU AND DING: MARKOVIAN DESIGN OF BI-DIRECTIONAL ROHC FOR EFFICIENT PACKET DELIVERY IN WIRELESS NETWORKS 31

POMDP, I3 =2
lleo Myopic, Iz =2
+ + O-Mode, I =2
1| -- R-Mode, i5 =2
POMDP, I3 =5
Myopic, [z =5
O-Mode, i3 =5
R-Mode, i =5
POMDP, I =10
Myopic, [z =10
O-Mode, i =10
-- R-Mode, iz =10

0.70

Transmission Efficiency

+ H H H
OAG% ; =
.0 0.1 0.2 0.3 0.4 0.5 0.6

Feedback Rate, n = 50

(a)

e—o POMDP, i =2
1= o Myopic, Iz =2
+ + O-Mode, I =2
-- R-Mode, i3 =2
e—o POMDRP, i =5
{1|@--a Myopic, 5 =5
+ 4+ O-Mode, i =5
1| -- R-Mode, iz =5

e—o POMDRP, i; =10
@--O0 Myopic, [z =10
114 4+ O-Mode, Iz =10
-- R-Mode, i =10

0.66

Transmission Efficiency

0.64

0.62F

0001 02z 03 04 05 06
Feedback Rate, n = 1000

(b)

Fig. 10. n versus the feedback rate under different channel coherence [p.

Fig. 8 illustrates the performances of our trans-layer com-
pressor designs under different feedback/observation delays
compared against the conventional compressor designs. Note
that the transmission efficiency of the R-mode compressor
is not affected by the feedback delay d. When there is not
feedback delay with d = 0, it appears that the O-mode ROHC,
in which the decompressor determines when to request a
feedback, can achieve a slightly higher transmission efficiency
compared to our trans-layer design. Still, its feedback rate
requirement is rigid and does not support lower feedback
rate at all. As feedback delay d increases, the transmission
efficiency of ROHC schemes naturally decreases. We note
in particular that the O-mode bi-directional ROHC suffers
more severely from the feedback delay than the new trans-
layer designs, since the O-mode compressor must wait for the
delayed feedback for context repairment. Moreover, its feed-
back rate increases, suggesting that it requires more frequent
context updates. Again this performance gap is particularly
noticeable during the initialization phase of a ROHC session.

We further observe the impact of channel qualities on the
performances of the ROHC compressors in Fig. 9 and Fig. 10.
The Gilbert-Elliot channel is characterized by two variables:
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Fig. 11. n versus the feedback rate under different average interval between

encountering incompressible headers .

the probability of being in the “bad” state ep and the average
duration of consecutive “bad” states [ 5. Similar to our previous
work [28], e and [ g are mapped to state transition probability
with p(sy = Glsg = B) = 1/l p(Su = B|sg = G) =
p(5g = Glsg = B)/(1/eg — 1). We conclude from these
results that the performance of the ROHC compressors relies
more heavily on the quality parameter ¢ than on the channel
coherence parameter [ 5. Still, our proposed trans-layer designs
allow flexible trade-off between transmission efficiency and
feedback rate without suffering much from low feedback rates
across all channel settings.

The trade-off between transmission efficiency and the
feedback rate under different header source settings is
shown in Fig. 11. Let [c denote the average duration of
consecutive compressible headers. In this test, we assume
that an incompressible header is always followed by a
compressible header, such that p(ss = Olsg = 1) = 1/l¢,
p(5s = 1|ss = 0) = 1. Apparently, when the header source
requires more frequent context refreshing, the feedback
overhead of the conventional O-mode bi-directional ROHC
quickly grows. In contrast, our proposed trans-layer designs
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able to maintain robust transmission efficiency over

different feedback rates for various header source settings.

VII. CONCLUSION

In this work, we investigate the decision optimization with
respect to header compression and feedback polling based on a
trans-layer framework for bi-directional ROHC systems. Com-
pared to existing O-mode and R-mode bi-directional ROHC
compressors, our novel compressor design can benefit from a
myriad of trans-layer information readily available from lower
layers within typical wireless networks. Our novel ROHC
framework improves the transmission efficiency of practical
networks, particularly when feedback channel or bandwidth
resources are severely limited. Our POMDP framework can
optimize trade-offs between transmission efficiency and feed-
back channel overhead, despite of inaccurate and delayed
trans-layer information. To alleviate the high complexity
when solving POMDP problems for long feedback/observation
delays, we proposed a low-complexity myopic ROHC com-
pressor based on belief update. Compared with traditional
compressors, our low-complexity myopic compressor can sub-
stantially reduce computational cost with only mild perfor-
mance loss.
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