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A system and method for remote and mobile patient moni-
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access in which each patient is equipped with a remote moni-
toring device with a heterogeneous wireless transceiver. This
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monitored bio-signal data to the healthcare center. The moni-
toring device can buffer and then transmit the bio-signal data
to the healthcare center through the heterogeneous radio
access network. In this device, there can be two buffers used
to store bio-signal data, each with different priority. The
scheduler in this device can make an optimal decision on data
transmission. Also, amethod is provided to minimize the cost
of network connections for remote/mobile patient monitor-
ing.
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SYSTEM AND METHOD FOR REMOTE AND
MOBILE PATIENT MONITORING SERVICE
USING HETEROGENEOUS WIRELESS
ACCESS NETWORKS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority of U.S. provisional patent
application Ser. No. 61/102,667 filed Oct. 3, 2008 and hereby
incorporates the same provisional application by reference
herein in its entirety.

TECHNICAL FIELD

The present disclosure is related to the field of eHealth
wireless technologies, in particular, remote and mobile
patient monitoring wireless technologies.

BACKGROUND

eHealth (Electronic Health)is an emerging medical service
paradigm, which employs information processing and com-
munications to enhance traditional medical services. Remote
patient monitoring is an eHealth service, which is used to
monitor biosignal data of patients in a stable condition. The
biosignal data of a remote/mobile patient can be transferred
and processed for diagnosis (e.g., cardiac disease patients by
monitoring electrocardiogram (“ECG”) signal and blood
pressure or diabetes patients by monitoring sugar level).
Remote patient monitoring services can reduce the frequency
of face-to-face meetings between patients and healthcare staff
and also shorten the time required for treatment acceptance
and better management of medication doses to patients. Wire-
less technologies have been used to improve the flexibility of
remote patient monitoring to continuously monitor the status
of patients even in presence of mobility. Related works on
heterogeneous wireless networks and remote patient moni-
toring systems can be summarized as follows.

A. Heterogeneous Wireless Networks

Network selection is one of the major issues in heteroge-
neous wireless access [3]-[7]. The decision on network selec-
tion by a mobile user depends on the preference, application
requirements, and network condition [3]. An intelligent net-
work selection algorithm based on user utility was proposed
in [4]. This user utility is a function of the transmission rate,
and different applications can have different utility functions.
The network selection algorithm in [5] took both network
performance and network access cost into account. In [8], the
problem of radio resource allocation for different service
providers in a heterogeneous wireless environment was for-
mulated as a noncooperative game and the solution was
obtained in terms of allocated bandwidth in different service
areas. In [9], a bandwidth aggregation scheme for real-time
applications in heterogeneous wireless network was pro-
posed. This scheme uses the earliest delivery path first
(EDPF) scheduling to choose packets from different applica-
tions to be transmitted over multiple wireless interfaces so
that the delay requirements are satisfied. In [10], to alleviate
network congestion, a hierarchical radio resource manage-
ment framework was designed for an integrated wireless local
area network (“WLAN”) and cellular network.

Since mobile users need to be handed over between differ-
ent types of networks (i.e., vertical handoff) mobility man-
agement is a significant issue in a heterogeneous wireless
access environment [11]-[16]. The problem of admission
control for vertical handoff in an integrated WLAN and code
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division multiple access (“CDMA”) cellular network was
proposed in [11] where an optimization problem was formu-
lated as a Markov decision process to minimize call blocking
probability while satisfying the throughput and packet delay
requirements. In [12], a performance analysis model was
proposed for vertical handoff an integrated cellular network
and WLAN.

B. eHealth Services Using Wireless Communications

For patients with cardiac diseases, ECG signal can be
monitored and transmitted wirelessly to the healthcare center
[17]-[19]. GSM (Global System for Mobile Communication)
technology and wireless application protocol (WAP) were
used in the airmed-cardio system [19] to provide out-of-
hospital follow-up services to cardiac patients. Although a
cellular network can provide wireless connectivity to highly-
mobile patients, its capacity is limited. Besides cellular tech-
nology, new wireless technologies (e.g.. IEEE 802.16-based
(also known as Worldwide Interoperability for Microwave
Access (“WiMAX”)) wireless metropolitan area network
(“WMAN”) and IEEE 802.11/WiFi-based wireless local area
network (“WLAN™)) are also adopted for remote patient
monitoring services [20]-[24]. In [21], application of IEEE
802.16/WiMAX-based broadband wireless access technol-
ogy for mobile telemedicine services (e.g., communication
between an ambulance and hospital) was discussed. Also, in
[21], a bandwidth allocation and admission control scheme
was designed specifically for telemedicine services over a
WIMAX network. WiFi technology, which provides large
transmission capacity in a small coverage area, can be used
locally in a hospital, clinic, and home environment for patient
monitoring, clinical alarm notification, workstation on
wheels [22], ECG monitoring [23], and telehomecare. Also,
WiFi networks are suitable to provide best-effort data com-
munication services for commercial and support applications
(e.g., guest access and patient billing [22]).

The concept of using heterogeneous wireless access net-
works for remote monitoring service was introduced in [25],
where a general system model was presented for different
eHealth services (e.g., intra-hospital, pre-hospital, tele-
homecare, and follow-up services) based on heterogeneous
wireless access. Also, a bandwidth allocation and admission
control method was developed based on resource sharing
using game theory. However, optimization of capacity reser-
vation in the radio access network and issues related to queue
management and transmission scheduling in a patient-at-
tached device were not considered.

However, since the traditional remote patient monitoring
systems rely on a single wireless technology, they are unable
to guarantee that the patients will be “always-connected”
with the eHealth service provider (e.g., healthcare center)
when the patient roams through different locations.

It is, therefore, desirable to provide a patient monitoring
system that implements wireless technologies to enable con-
tinuous and ubiquitous patient monitoring wherever and
whenever the patient needs.

SUMMARY

An architecture of a remote/mobile patient monitoring ser-
vice based on the heterogeneous wireless access is provided.
eHealth service providers can provide such a value-added
service to guarantee the “always-connected” feature “any-
time, anywhere” to the patients. The eHealth service provider
can be connected with the core network of the wireless net-
work operator. This core network can be connected with any
one of the different radio access networks (i.e., IEEE 802.16-
based WMAN and IEEE 802.11-based WLAN). A patient-
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attached device can be employed at or placed on the patient to
buffer and control the transmission of biosignal data from
sensors on the patient to the radio access network. The bio-
signal data with different priority can be differentiated by
storing the data in the different queues whereby the scheduler
can decide to retrieve and transmit data from these different
queues according to quality-of-service (“QoS”) require-
ments. A method to optimize the cost and performance of this
remote/mobile patient monitoring service is also provided.

Broadly stated, a system is provided for the remote and
mobile monitoring of at least one patient, comprising: a het-
erogeneous wireless access network providing communica-
tion between at least one eHealth service provider and the at
least one patient; and at least one monitoring device disposed
on the at least one patient, the at least one monitoring device
having at least one sensor configured for collecting bio-signal
data from the at least one patient, the at least one monitoring
device further comprises a heterogeneous wireless trans-
ceiver configured to communicate the bio-signal data to the
eHealth service provider over the heterogeneous wireless
access network.

Broadly stated, a method is provided for buffering and
transmitting bio-signal data from a patient-attached monitor-
ing device to an eHealth service provider over a heteroge-
neous wireless access network, the method comprising the
steps of: providing a heterogeneous wireless access network
providing communication between at least one eHealth ser-
vice provider and at least one patient; providing at least one
monitoring device and attaching the at least one monitoring
device to the at least one patient, the at least one monitoring
device having at least one sensor configured for collecting
bio-signal data from the at least one patient, the bio-signal
data comprising one or more of the group consisting of criti-
cal data and normal data, the at least one monitoring device
further comprising a heterogeneous wireless transceiver con-
figured to communicate the bio-signal data to the eHealth
service provider over the heterogeneous wireless access net-
work; receiving bio-signal data from the at least one moni-
toring device, the bio-signal data collected by the at least one
monitoring device from the at least one patient; packeting and
buffering the bio-signal data into at least one queue; and
connecting the at least one queue to the heterogeneous wire-
less transceiver and transmitting the bio-signal data to the
eHealth service provider over the heterogeneous wireless
access network.

Broadly stated, a system is provided for buffering and
transmitting bio-signal data from a patient-attached monitor-
ing device to an eHealth service provider over a heteroge-
neous wireless access network, comprising: collection means
for collecting bio-signal data from the at least one patient, the
bio-signal data comprising one or more of the group consist-
ing of critical data and normal data; communications means
for communicating the bio-signal data to the eHealth service
provider over the heterogeneous wireless access network;
means for receiving bio-signal data from the collection
means; means for packeting and buffering the bio-signal data
into at least one queue; and means for connecting the at least
one queue to the communications means and transmitting the
bio-signal data to the eHealth service provider over the het-
erogeneous wireless access network.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a) is a block diagram depicting a system model of a
remote patient monitoring system.

FIG. 1(d) is a block diagram depicting the decision flow-
chart of the remote patient monitoring system of FIG. 1(a).
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FIG. 2(a) is a block diagram depicting a sample service
area for the remote patient monitoring system of FIG. 1(a).

FIG. 2(b) is a block diagram depicting a mobility state
transition diagram for the sample service area of FIG. 2(a).

FIG. 3 is a block diagram depicting the state transitions for
a Markov decision process model for the sample service area
of FIG. 2(a).

FIG. 4 is a line diagram depicting the cases of connections
of patients.

FIG. 5 is a three-dimensional graph depicting the costs of
reserving connections for patients.

FIG. 6(a) is atwo-dimensional graph depicting the number
of reserved connections as compared to the total number of
patients.

FIG. 6(b) is atwo-dimensional graph depicting the average
total cost as compared to the total number of patients.

FIG. 7 is a two-dimensional graph depicting the number of
reserved connections as compared to the price of normal
WLAN connections.

FIG. 81is atwo-dimensional graph depicting the probability
of a patient to access a reserved connection.

FIG. 9(a) is atwo-dimensional graph depicting the average
queuing delay.

FIG. 9(b) is a two-dimensional graph depicting the con-
nection cost as compared to the normal data packet arrival
probability.

FIG. 10 is a two-dimensional graph depicting the average
delay and connection costs from a Q-learning algorithm.

DETAILED DESCRIPTION OF EMBODIMENTS

To support biosignal data collection, a general network
model for the remote patient monitoring service is shown in
FIG. 1(a). The two major entities in this network are the
healthcare service provider (e.g., clinic, hospital, or health-
care center) and the network service provider (or network
operator). Monitored biosignal data from the patients can be
transferred through a radio access network and core network
owned by the network service provider to the healthcare
service provider. The remote monitoring device can be con-
nected with the sensors attached to a chronic patient whose
health condition is stable, for example, a patient with hyper-
tension or with cardiac diseases. The monitored data can be
packetized and buffered into the queues based on the priority.
In one embodiment, there can be two types of queues in this
device—one for critical data (e.g., blood pressure, pulse rate,
heart rate) and the other for normal data (e.g., ECG signal).
The scheduler can connect the queues for critical and normal
data with the heterogeneous wireless transceiver that can
dynamically adapt and connect to the healthcare service pro-
vider by using an available wireless network.

In one embodiment, a remote and mobile patient monitor-
ing service architecture can use heterogeneous wireless
access in which each patient can be equipped with a remote
monitoring device with a heterogeneous wireless transceiver
(FIG. 1(a)). With heterogeneous wireless access, a mobile
patient can use different types of wireless technologies (e.g.,
WiMAXbased WMAN and WiFi-based WLAN technolo-
gies) to transfer monitored biosignal data to the healthcare
center. The monitoring device can buffer and then transmit
the biosignal data to the healthcare center through the hetero-
geneous radio access network. This is a value-added service
that can be provided by an eHealth service provider (i.e., a
hospital or healthcare center) for which the eHealth service
provider can pay the wireless network service provider (i.e., a
network operator). To optimize the cost for this value-added
service, the eHealth service provider has to buy a certain
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number of connections to be reserved for the patients. This
can be formulated as an optimization problem and can be
solved using a stochastic programming technique [1] so that
the optimal number of reserved connections can be deter-
mined to minimize the cost of the eHealth service provider
under randomness of connection demand due to the mobility
of the patients.

While the eHealth service provider buys the reserved wire-
less connections for its patients on a long-term basis, the
patient-attached monitoring device has to schedule the trans-
mission of biosignal data according to the current network
condition on a short-term basis (FIG. 1()). Since different
queues can be used to buffer different types of biosignal data
(i.e., critical and normal monitored data), the scheduler at the
patient-attached device has to decide whether to transmit data
using the available wireless connections, as well as the queue
from which data is to be transmitted. This decision problem at
the scheduler can be formulated as a constrained Markov
decision process (“CMDP”) [2] with an objective to minimiz-
ing the cost of wireless access while satisfying the queueing
delay requirements for different biosignal data. However, to
obtain the optimal policy for the CMDP model, a linear pro-
gramming problem needs to be solved which incurs large
computational complexity. Therefore, an implementation-
friendly algorithm based on Q-learning can be implemented
to obtain the solution online. The performance of the remote
patient monitoring service architecture can be extensively
evaluated. The proposed architecture along with the optimi-
zation formulation can be useful for an eHealth service pro-
vider to minimize the service cost while maintaining the
quality-of-service (QoS) requirements for remote and mobile
patient monitoring.

In one embodiment, the system model and optimization
formulation presented herein can be used for many eHealth
services. In another embodiment, the system and method can
be used in the monitoring of ECG signals for patients with
cardiac diseases. The ECG signal can be sampled by an ECG
device/sensor. The data can then be packetized and stored in
aqueue as “normal” data waiting for transmission over wire-
less connections., However, if an abnormal event is detected
(e.g., heart rate becomes too low), a special message with the
detailed information of the event (e.g., location, time, and
condition of the patient) can be generated and stored in a
separate queue as “critical” data. In this case, priority can be
given to the transmission of “critical” data, so that the patient
can be treated promptly. The rest of this application is orga-
nized as follows. The architecture of the remote patient moni-
toring service is described in Section I. Section II presents the
optimization formulations to minimize the cost of the pro-
posed remote patient monitoring service. Section Il presents
the performance evaluation results. Conclusions are stated in
Section IV.

1. ARCHITECTURE OF REMOTE PATIENT
MONITORING SERVICE USING
HETEROGENEOUS WIRELESS ACCESS

A. Network Model

To support biosignal data collection, a general network
model for the remote patient monitoring service is shown in
FIG. 1(a). Two major entities in this network are the eHealth
service provider (e.g., clinic, hospital, or healthcare center)
and the network service provider (or network operator).
Monitored biosignal data from the patients can be transferred
through a radio access network and core network owned by
the network service provider to the eHealth service provider.
The network operator can offer two types of wireless connec-
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6

tions, namely, reserved and on-demand connections. In par-
ticular, the eHealth service provider can buy the reserved
connections in advance to be used by its patients for a fixed
period of time (e.g., a week). However, at a particular time,
the reserved connections may not be enough to accommodate
all demand from the patients for transmitting biosignal data.
Therefore, extra network capacity (i.e., on-demand connec-
tions in this case) can be bought for the exceeding demand.
The price of an on-demand connection is assumed to be
higher than that of a reserved connection.

In one embodiment, a service area can comprise a set of
locations. For example, in the service area shown in FIG. 2(a),
wireless access to WMAN and WLAN are available (e.g,,
IEEE 802.16 and IEEE 802.11). While WLAN access is
available only in some locations, WMAN access can be avail-
able in all locations of a service area. Remote and mobile
patients can connect to either a WLAN or the WMAN. The
prices charged for a reserved connection and an on-demand
WLAN connection at location 1 are denoted by Pmez and
P, " respectively, and the prices for the WMAN connec-
tions are denoted by P, ™" and P, "™ It is assumed that
Pres,ZWZSPond,ZWZ and P, ""'sP,,..;"".

B. Patient-Attached Monitoring Device

The remote monitoring device can be connected with the
sensors attached to a patient whose health condition is stable,
for example, a patient with hypertension or with cardiac dis-
eases (FIG. 1(a)). The monitored data can be packetized and,
based on its priority, it can be buffered in one of the two
queues—one for critical data (e.g., blood pressure, pulse rate,
heart rate) and the other for normal data (e.g., ECG signal).
The scheduler can connect to the queues for critical and
normal data with the heterogeneous wireless transceiver. To
minimize the connection cost and satisfy the delay require-
ments, the scheduler can make two decisions—1) whether to
transmit data or not and, in the case of transmission, 2) which
queue to transmit from. The duration of a transmission slot
can be assumed to be fixed during which one packet can be
transmitted. This transmission slot can be composed of the
negotiation period between a device and a WMAN base sta-
tion or WLAN access point, and the data transmission period.

C. Patient Mobility Model

In another embodiment, a patient can move among differ-
ent locations with different availability of wireless access
networks. A set of locations in a service area is denoted by L.
For example, in FIG. 2(a), this set can be defined as follows:
L={Ma,Ro, Cl,Ho} whose elements reptesent the mall, road,
clinic, and home, respectively. At the mall and a clinic, a
patient can have access to both WLAN and WMAN. While
traveling on the road, only WMAN connectivity can be avail-
able. Given aset of locations in a service area, the mobility of
a patient can be modeled by using a Markov chain. The state
of this Markov chain can be the location that is observed at the
end of a transmission slot. The transition from location 1to I'
is indicated by probability T, ,, and the probability transition
matrix is denoted by T. The steady-state probability that a
patient will be in any location can be obtained by solving
nl=n and m1=1 where 1 is a vector of ones, = is a vector
defined as follows: m=[ . .. n(1) . . . ], in which x(]) is the
steady-state probability that a patient will be at location 1.

II. OPTIMIZATION OF WIRELESS
CONNECTIVITY COST FOR PATIENT
MONITORING SERVICE

In one embodiment, an optimization problem for the
eHealth service provider to buy the reserved connections
from the network operator can be formulated as a stochastic
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programming (“SP”) problem. The solution of this SP can
give the number of reserved connections at a particular loca-
tion, which can minimize the expected cost of network access
under uncertainty of the number of patients in different loca-
tions in a service area. Another optimization problem based
on a CMDP can be formulated for the patient-attached moni-
toring device to schedule packet transmissions so that the
delay requirements for different biosignal data are satisfied
while, at the same time, the network access cost can also
minimized. Therefore, both of these optimization models
together can improve the efficiency of the proposed remote
monitoring service architecture.

A. Optimization of Connection Buying by eHealth Service
Provider

1) Probability Distribution of Patients in Different Loca-
tions:

In one embodiment, N, can denote the total number of
patients in a service area A, and T, can denote the mobility
transition probability matrix of patient i. The mobility tran-
sition probability matrix for all patients T , in service area A
can be obtained from:

TA:T1®---®T!®---®TNP 1)

where @ denotes Kronecker product.

The steady-state probability of a patient to be at a particular
location can be obtained by solving «tT ,=r and wt1=1. In this
case, the steady-state probability for patient i at location I, is
denoted by n(1,, . . ., 1, ..., 1y). Then, the probability of
having n, patients at a location 1 can be obtained from:

n=Ly=!

for Zn, =N,.

el

Note that the term

above indicates the number of patients at location 1. For the
special case of all patients having the same , the probability
ofhaving n, patients at location 1 can be simply obtained based
on a multinomial distribution.

2) Formulation of Stochastic Programming;

In another embodiment, a two-stage stochastic program-
ming (SP) with recourse [1] can be used to obtain the number
of reserved connections in WLAN and WMAN in a service
area. In the first stage, the eHealth service provider can make
a decision on the number of reserved connections to be
bought from a network operator. The decision in this stage has
to be made without complete information on the random
number of patients in each location requesting to transmit
biosignal data. The number of reserved connections to be
bought at location 1 for accessing WLAN and WMAN is
denoted by x," and x,*™, respectively. Inthe second stage, the
eHealth service provider can observe the actual number of
patients in a particular location (i.e., realization) and makes a
decision to buy on-demand connections if the number of
patients is larger than the number of available reserved con-
nections. The number of on-demand connections to be bought
atlocation | for accessing WL AN and WMAN are denoted by
v and y,"™, respectively. The decision in the second stage
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(i.e., y,* and y,*™) can be referred to as a recourse, which is
an action used to handle the uncertainty arising due to the
mobility of the patients.

The SP problem can be formulated as follows:

Minimize Z P;VL,ISJ.!C;” + Z P+ E 2 (x, 0) (©)
lely lelym

Subject to: x;” + y;”(w) = fiy(w), for I € Ly )

X"+ y"Mw) 2 y(w), for [ € Ly Q)

RE AR ©

where L, , and L, ,, denote, respectively, the sets of loca-
tions in which only WMAN access or only WLAN access is
available (i.e., L, ,UL,,,=L)and w=(...,n,...) forlEL (i.e.,
o represents a network access scenario). E  denotes the
expectation over all scenarios. In this case, the number of
patients i requesting to transmit data at location1is a function
of o, i.e., fi(w)=v,n, where v, is the probability that a patient
in location 1 will transmit data. The constraints in (4) and (5)
are used to ensure that all requesting patients can transmit
data through either reserved or on-demand connections. Note
that the condition “=” is required for the constraints in (4) and
(5), since the decision x," and x,*" could be larger than the
number of patients fi,(w). Therefore, the condition of equality
may not be satisfied without making y,"(w) and y,""(w)
negative which will violate the constraint in (6).

The objective defined in (3) has two parts—the cost
incurred in the first stage for the reserved connections (i.e.,

ol ol
Presi¥i + Z

leLym

2.

lel,y

prm ’ xr/m

res,

and the cost incurred in the second stage due to buying extra
on-demand connections, which can be referred to as the
recourse cost (ie., E 2 (x,w)). This expected recourse cost
can be obtained from:

E20,0)= Y PHOY Pty + V7" Pt ) @
w

The optimization formulation in (3)-(6) and (7) can be
solved by using integer linear programming. Then, the aver-
age total cost for the eHealth service provider can be obtained
asin (8).

ATC:ZPr(... ng )

w

®

(Z Z Xfpﬁes,ﬁz Z max(0, 2 = %) Pl |

tel jelwhwm) leL jeiwhwm)

B. Optimization of Transmission Scheduling at Patient-
Attached Monitoring Device

In another embodiment, the decisions on transmission
scheduling can be made based on the number of reserved
connections in each location which is a solution of the SP
formulation described above. The patient-attached device can
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take the queue state and location into account when making a
decision. The problem of optimal decision-making can be
formulated as a CMDP to minimize the cost while the delay
requirements for transmission of biosignal data are satisfied.
The modeling assumptions, the problem formulation, and the
solution approach for the CMDP are described below.

1) Packet Arrival Process:

In one embodiment, the packet arrival processes of critical

and normal data can be modeled as a Markovian arrival pro- "

cess (MAP) which can be represented by matrices A (a) and
A (a) for a€{0,1} packet arrivals corresponding to critical
and normal data. This matrix can be defined as follows:

A(@ App(a) ... Apgla) 9
A@=| ;

Agi(a) Agala) ... Agkla)

where A, ,{a) is the probability that the arrival phase
changes fromk to k' and a packets arrive. K is the total number
of phases of this MAP. To obtain the average arrival rate A, the
steady-state probability of the arrival process & can be
obtained from solving (A(0)+A(1))=3 and 61=1. The aver-
age packet arrival rate is obtained from:

A=04(1)1 (10

2) Constrained Markov Decision Process Formulation:

The formulation of CMDP can be defined by a state space,
aset of actions/control, a set of constraints, and cost. The state
space can be expressed as in (11):

an

where B, and B, denote the queue sizes corresponding to
critical data and normal data, X _and X, denote the number of
packets in the queues, and A, and A,, denote the phases of
packet arrivals for critical and normal data, respectively. L
denotes the location and C denotes the wireless connections
available to the patient. The set of available wireless connec-
tions is defined as:

Q={(X, 4, X4, C):0¢X, 2B, 0<X,<B, [ELCEW}

it

W={reserved WLAN,on-demand WLAN,reserved

WMAN,on-demand WMAN} (12)

For the service area in FIG. 2, the transitions among the
states defined in © are shown in FIG. 3. In this embodiment,
at the mall, there can be three available wireless connections,
1.e., reserved WLAN, on-demand WLAN, and reserved
WMAN. Since we assume that P, , <P, ai > on-demand
WLAN connection can be used instead of an on-demand
WMAN connection.

The set of feasible actions at a composite state s can be
defined as U_c {1, 2, 3}, which corresponds to transmission
of critical data, transmission of normal data, and no transmis-
sion, respectively. In this case, the transition probability
matrix for states in £2 will be different due to the different
actions. For a patient at location 1E€L,, we first obtain the
probabilities of transmitting data using reserved and on-de-
mand connections in WLAN and WMAN. The type of con-
nection (i.e., reserved or on-demand) and the target network
(i.e, WLAN or WMAN) for transmission from each patient
can be assigned by the network operator given the total num-
ber of requesting patients in a location. The low-cost reserved
connections can be used first, while the on-demand connec-
tions will be used only when reserved connections are inad-
equate to accommodate all requesting patients.

10

For patients in location 1L, the cases that need to be
considered are as follows (FIG. 4):

Case 1 (f=x,” for IEL,,): In this case, the number of

patients requesting to transmit data at location I can be

5 smaller than or equal to the number of reserved WLAN
connections. Therefore, all the patients can transmit
using the reserved WLAN connections. The probability
of using a reserved connection is pmSJWZ:1.

Case 2 (fi>x,”"" for IEL,,)): In this case, the number of
patients requesting to transmit data at location I can be
larger than the number of reserved WLAN connections.
Therefore, some patients can use reserved WMAN con-
nections (if available) or on-demand WLAN connec-
tions for transmitting data. The corresponding two cases

15
are as follows:

Case 2.1( Z fip = Z x;‘f'"]:
20 Velym Velym

In this case, the number of patients in locations 'EL. , where
only WMAN access is available, can be larger than or equal to
the number of reserved WMAN connections. Therefore,
some patients at location 1 will have to use reserved or on-
demand WLAN connections. The probabilities of using
reserved and on-demand WLAN connections are given,
respectively, by

25

wi 2 wi

W Mg, T
Presi = 3 and Popgy = .
;

[

%)

5 Case 2.2 (Zje, 0<%, %) In this case, the number
of patients in locations where only WMAN access is
available, can be smaller than the number of reserved
WMAN connections. As a result, some of the additional
patients at location 1 can use reserved WMAN connec-
tions. However, there are two corresponding cases as
follows:

40

Case 2.2.1 [

DI IR Zﬁl—x;”]:

U eLym ' eLym

45

In this case, the number of available reserved WMAN con-
nections can be larger than or equal to the number of addi-
tional patients at location 1. Therefore, all additional patients
at location 1 can use the reserved WMAN connections. The
probabilities of using reserved WLAN and WMAN connec-
tions are given by:

wi
A

wi Wwm
Prest = 7%~
m

iy —x;”
and plo., = .

res,d = Py
n,

60

Case 2.2.2 [

Z X" - Z iy <ﬁ,—x7l]:

P eLyy P eLym

65 In this case, the number of available reserved WMAN con-
nections can be smaller than the number of additional patients
at location 1. Therefore, some of the patients at location 1 will
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use the reserved WMAN connections or on-demand WLAN
connections. The probabilities of using reserved and on-de-
mand connections in WLAN and WMAN are given by:

wi
A

-
1y

» wi wm s
e Y e S iy
! eLym

Vel

Wl _
Prest =

wi
Pond,t = > , and
ny

PRI
o VeLlym {eLym
Prest = =
iy

Then, for a patient at a location where only WMAN access
is available, the probability of using reserved and on-demand
WMAN connections can be obtained. For patients in location
€L, there are two cases as follows:

wrmn?

Case 1 ( Z = Z x;”m]:

lelym Ielyym

This corresponds to the case that the number of requesting
patients to transmit data is smaller than or equal to the number
of reserved WMAN connections. Therefore, all patients can
use the reserved connections. The probability of using a
reserved WMAN connection is K, ;"'=1.

res,l

Case 2 ( Z iy > Z x;”m]:

telym telywm

Some patients can use on-demand WMAN connections. The
probabilities of using reserved and on-demand connections in
a WMAN are given by:

2,
WIR

(e d L
x an Kond,l -
iy 1y

win

Krex,l =

Let ¢, denote a vector of probability of connection avail-
ability at location 1 which can be defined as follows:

.

The transition matrix I combining the state transitions of
location and connection availability (i.e., L and C) can be

leL, (13)

L€ Lim

Wi wl wm
(Ples.t Pondis Presd]

[Krees Kong,i)

—
o
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constructed based on the mobility transition matrix of a
patient T with elements T, ;.. The elements in transition matrix
L are denoted by L;;, which can be obtained from:

Tl 1=l

v (14
Ly =
! {Tl,l/lrcl’e lx!

where 1 is an identity matrix.

Next, the state transitions for the packets in queue for
critical data and phase of arrival process (i.e., X_and A ) can
be combined with those of location and available of connec-
tions. There are two cases corresponding to action u€U..
First, the case of action u=1 (i.e., a packet is retrieved from the
queue for critical data for transmission) is considered.

Let Bres,lwzﬂ Bond,lwz> Bres,lwm! Bond,lwm denote the prObabili_
ties of successful transmission using reserved and on-demand
WLAN and WMAN connections at location 1. The location-
and connection-dependent departure process for the packets
in a queue can be represented in a matrix D(d) (i.e., d packet
departs where d&{0,1}). The elements of this matrix are
denoted by D, ,{d) and can be obtained as follows:

4

res, |

ﬂ:ﬁd,l s =l ely
v Bres
Dy(l)= . A
res,l
’ =1 eL,
[ Bovist } "
0, otherwise

Dl,z(o)zl‘[)l,l(l) (15)

where 01s a matrix of zeros. Note that the size of matrix D,
is the same as that of L.

Let Q(u=1) denote the transition matrix foraction v=1 with
elements denoted by Q, _(u) where the number of packets in
the queue for critical data changes from q to g for gq,q'€
{0.1,...,B_}. This can be obtained as in (16). For actions
u=2,3 (i.e.. the patient-attached device will transmit normal
data or not transmit any data, respectively), no packet is
retrieved from the queue for critical data. The derivation of
the transition matrix Q(u=2,3) is similar to that of Q(u=1).
However, the departure probability matrices become D(0)=I
and D(1)=0, since no packet from the queue for critical data is
transmitted.

Next, the state transitions for the packets in queue for
normal data and phase of arrival process (i.e., X, and A ) can
be combined. Again, there can be two cases corresponding to
actionu. First, the case of action u=2 (i.e., apacket is retrieved
from the queue for normal data for transmission) is consid-
ered.

L@ Ac(D), g=¢'=0 (16)
L@ALL), g=0,¢4' =1
(LxD1) ®A0), g=1{l,... , B¢ =q-1
0,/ (6= { (LXDO) @A) +(LxDUN @A),  g=1{L,... ,Be~1,' =g
(LxD0) @A), g=1{l,... \Bc—1Lq =q+1
LD @A+ (L®AL(D), q=¢ =B;
0, otherwise.
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an

13
-continued
O =2) @ A,(0), p=p'=0
Ou=2)@A,(), p=0,p' =1
(Qu=0xI@D1)@A,0). p={l .. B} p' =p-1

(Qu=2)x1@D0)®A,(0) +
(Qu=2)x1@D(1) ®An(1),
(Qu=2)x1@D(0) ®An(1),

(Qu=2)x1@D0)®A,0) +

(Qu=2)®@A,(1)), p=p =B

0, otherwise.

Let P(u=2) denote the transition matrix for action u=2 with
elements denoted by f’p ) where the number of packets in
the queue for normal data changes from p to p' for p,
p'€{0,1,...,B,}. This can be obtained as in (17). Note that
the Kronecker product of T is required to scale the size of the
resulting matrix to be identical for all f’p oAW). For actions
u=1,3, no packet is retrieved from the queue for normal data.
The derivation of transition matrix P(u=1,3) is similar to that
of P(u=2). However, the departure probability matrices
become D(0)=I and D(1)=0, since there is no transmitted
packet. Also, Q(u=2)in (17)is replaced with either Q(u=1) or
Q(u=3). The cost can be defined as a function of price paid to
the network operator if a patient transmits data using an
on-demand connection, and the delay incurred for critical and
normal data. The immediate connection cost can be a function
of state s&Q and action uEU_ and it can be defined as follows:

Pl 18)

ey €= reserved WIAN
Pz’,ﬁdyl, C = on-demand WLAN

Ceonls, u) =49 Pre C = reserved WMAN

resl»
Ponass C =on-demand WMAN

0, otherwise

for u=1,2 and L=l. The delay depends on the number of
packets in the queue and arrival rate. The delay costs C,
and C, ,,; for critical and normal data can be defined as
follows [26]:

X, (19)

A

. X P
Cedells) = o Codells) =
(4

where A, and A, are the average arrival rates of critical and
normal data, respectively. These average arrival rates can be
obtained from (10).

The objective function for the scheduler at the patient
attached monitoring device is the expected long-term average
weighted cost due to the price paid for the connections and the
delay incurred. Let p(s) denote the stationary policy (i.e., the
probability of taking action u at state s). The objective func-
tion can be defined as follows:

1< (20)
I = lim sup;z E[Clsy, ulsy )]

=1

Cls, 1(5)) = Woan Caonlss ) + We,aet Co et () + W et Cr i (5) 2D
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p={l,... . B, -1 p' =p
p=il, .. Bu— 1}, p = p+l

where s, is the state at transmission slot t, w,,,, W, 4; and
W, 40 denote the weights corresponding to connection cost,
delay cost for critical and normal data, respectively. Due to
the nature of biosignal data, the delay requirements are to be
satisfied. An optimization problem based on CMDP can then
be formulated as follows:

Minimize J(u)

. . R
Subject to: tli»n:o sup;Z E[Ceger(sy > ] € D g

V=1

li ! é E[C 1<D,
_ <
Jim sup— ety > ()] < Dy reg

r=1

where D, and D, ., denote the maximum average
delays measured in transmission slots.

3) Solution Approach Based on Linear Programming:

The optimal solution in terms of policy p* for a patient-
attached device can be obtained by transforming the con-
strained optimization formulation in (22) into linear program-
ming (LP) [27]. Let ¢(s,u) denote the steady-state probability
corresponding to state s€Q and action u. An equivalent LP
problem can be formulated to obtain the optimal solution of
¢(s,u) as follows:

- Weon CoonlS, 1) + (23)
Minimize Z @(s, u)( ]
Wedel Codet (5) + W det G det (5)
seQ,ucUs
Subject to: Z B, 1)Cet(S, 1) < De peg 24
seQucls
@(s, M)Cﬂ,dl?[(sa u) < Dn,req 29
seLuels
Db = s wpls |5, u,
ucly seQ,ucly
for s’ € O (26)
Z b5, u)= 1 27
seuels
P, )20, ¥YseQandVuel (28)

The constraints in (24) and (25) can be used to ensure that
the long-term average queueing delay of critical and normal
data are maintained below target levels of D, and D, ...,
respectively. The constraint in (26) can be derived from the
Chapman-Kolmogorov equation. In particular, the steady-

state probability of the next state s' is equal to the product of
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the steady-state probability of the current state s and prob-
ability of state transition p(s's, u) if action u is taken. Note
that this state transition probability p(s'ls,u) is an element of
matrix P(u) which is defined in (17). Constraints in (27) and
(28) can be used to ensure that the sum of all steady-state
probabilities is one, and all probabilities are non-negative,
respectively. Let the optimal solution from the linear pro-
gramming be denoted by ¢*(s,u). Then, an optimal policy is
obtained from the probability 6(u,11*(s)) of using policy uEU,
in state s€Q. This probability 6(u,p*(s)) can be obtained as
follows:

29
Ou, ¢ (5)) = &

Z (s, ') > 0.

W ely

2

e

7(}5* (5. ) for
¢(s,w)’

U.X

Note that the relationship between the SP formulation in
(3)-(6) and the CMDP formulation in (22) can be based on the
number of reserved connections (i.e., x;** and x,™). The
solution of stochastic programming affects the probabilities
of a patient to use reserved and on-demand connections in
WLAN and WMAN (i.e, p./ and k_/ where ¢&{res,ond}
and jE{wl,wm}) as shown in FIG. 1(b).

4) Implementation Based on Q-Learning:

Although the CMDP formulation above provides an opti-
mal policy, solving the equivalent LP problem can be com-
putationally expensive. In particular, the number of decision
variables of the LP problem is 3xILIK, xK _xB,xB_, where 3
indicates three possible actions, K, and K . denote the number
of phases of packet arrivals for critical and normal data,
respectively. The linear programming problem with the above
decision variables has to be solved in an off-line manner.
However, if the system parameters change dynamically over
time, an on-line algorithm would be required. Therefore, an
alternative method based on Q-learning is investigated which
is much simpler to implement. This algorithm learns and
adapts the scheduling action according to the incurred cost
due to the price paid for wireless connections and due to
packet transmission delays. This Q-learning algorithm is
similar to the off-policy temporal difference learning method
in [28]. Let Q(s,u) denote the Q-value corresponding to action
u at state s. The algorithm works as follows.

: Initialize Q(s,u)

: loop

: if rand( )=e then

: Choose action u randomly

else

: Choose action u which yields the lowest Q(s,u), i.e., arg

min, Q(s,u)

7: end if

8: Perform action u and observe the state transition (i.e.,
from state s to s') and the cost C_,, (s,u), C_ z/(s) and

C,,.4.4(8) due to connection cost and delays

—_

ok W

Qs )= QS UAT(WeonC oan(S W 201 Co ()1
W delConder(S)HYMax, Q(s'1' )~ O(s,4))

10: s=s'

11: end loop

In the above algorithm, e is the probability of performing
explorations of the available actions. rand( )&[0,1] is a ran-
dom number generator. T and y are the weights for updating
the Q-value. For numerical results, these parameters are cho-
sen as follows: e=0.2, £=0.5, and y=0.4.

Note that if the value of e is large, the algorithm can
frequently choose a random action, which can degrade the

15

20

25

40

45

50

55

60

65

16

performance (i.e., cost becomes larger). However, if the value
of e is small, the algorithm can slowly converge. The param-
eter C (i.e., learning rate) indicates the weight of updating
Q-value. Ifthe value of T is large, the current Q-value depends
largely on the immediate received cost and the Q-value will
fluctuate. As a result, the algorithm may not be stable at the
steady state. However, if the value of T is small, the algorithm
can slowly converge. The parameter v is the discount factor.
The value of this parameter will be chosen based on the worth
of cost in the future. The appropriate values of these param-
eters can be obtained based on simulation.

1I1. PERFORMANCE EVALUATION

A. Parameter Setting

In one embodiment, the service area shown in FIG. 2(a)
can comprise 7 patients, and each patient can have an identi-
cal mobility model described by the following probability
transition matrix:

l-o o 0 0
0.0003333 0.9993333 0.0001667 0.0001667
0 0.0003333  0.9996657 0

0 0.0000833 0 0.9999167

(B0

=

where o is the probability that a patient moves from the
mall to road (e.g., 0=0.0001667). In this case, the mean
durations for which a patient can be at the mall, road, clinic,
and home are 100, 25, 50, and 200 minutes, respectively. The
prices of reserved and on-demand WLAN and WMAN con-
nections are set as follows: P,ESJWZZO.L Pond,l‘”:OA,
P .""=02,P,,""=0.6 for IE{Ma, Ro} (i.e., at the mall
and road, respectively), and P,ES,CZWZZO.OS andP . ﬂOWZZO.Ol
at the clinic and home, respectively.

The packet arrival processes of critical and normal data are
assumed to be Bernoulli. In this case, the packet arrivals are
denoted by A =a,. and A, =a,,, where o, and «,, denote the
probabilities that the critical and normal data packets are
generated in a transmission slot. The length of a transmission
slot can be 1 minute. For numerical results, these packet
arrival rates are assumed to be o =0.1 and ¢, =0.8. The packet
size for normal data is 25.6 kb and that for critical data is 5.1
kb [22]. The queue sizes for critical and normal data can be 5
and 10 packets, respectively. The successful packet transmis-
sion probabilities can be assumed to be [3,85,]‘”:[30,, dJWZ:
Bress” =Bonas "=0.98. The weights to compute the cost can
be as follows: w_,,,=1.00, w_ ;,;~0.05, and w,, ;,,~0.03. The
delay requirements of the critical and normal data can be
D, ;2 and D, .., =5 transmission slots, respectively. The
probability of packet transmission by a patient can be
approximated from the packet arrival rate as follows: v~min
(o +at,,,1).

B. Numerical Results

1) Cost of eHealth Service Provider:

FIG. 5 shows average total cost under different number of
reserved WLAN and WMAN connections at the mall and on
theroad (i.e.,X,,, " and x,, "™, respectively). We observe that
there can be an optimal number of reserved connections
obtained from the SP formulation for which the average total
cost is minimized. This is because the patients are more likely
to transmit data using reserved connections and thus mini-
mize cost since the price of a reserved connection is lower
than that of an on-demand connection. Again, since the
demand of the transmission from patients is random, too
many reserved connections incur large cost to the eHealth
service provider.
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Next, the number of total patients ina service area is varied.
The number of reserved connections (i.e., x,*%, ;™) obtained
from solving the SP formulation, and the average number of
patients transmitting packet (i.e., [Q1]) are shown in FIG. 6(a).
The corresponding average total costs are shown in FIG. 6(5)
when the SP solution and the average number of patients are
used to buy reserved connections from a network operator
(i.e., denoted by legends “SP” and “Average”, respectively).
As expected, when the total number of patients increases, the
average total cost can increase due to increasing demand for
wireless connectivity. It is observed that the SP solution can
be larger than that of average number of patients (FIG. 6(a)).
However, the cost can be lower (FIG. 6(3)). With the SP
solution, since more number of reserved connections are
bought in advance, the cost incurred due to buying extra
on-demand connections can be lower. Consequently, the total
cost can be lower.

The number of reserved connections obtained from SP and
the corresponding average total costs are shown in FIG. 7 as
the price of on-demand WLAN connections varies. As
expected, when the price of an on-demand connection
increases, the eHealth service provider can minimize the cost
by buying more reserved connections. If the reserved connec-
tions are not enough to meet the demand from the patients, a
higher cost will be incurred to purchase on-demand connec-
tions. The average total cost, which increases as the price
increases, can be a piecewise-linear function of the price of
on-demand connections.

Then, the mobility parameter for the patients (i.e., the
duration of a patient to be in the mall) can be varied by
adjusting o in (30). The probabilities of a patient to access
reserved WLAN and WMAN connections are shown in FIG.
8. As the duration of a patient in the mall increases, the
probability of accessing reserved WLAN connections can
decrease. However, the probability of accessing reserved
WMAN connections increases, since more number of
patients spill from WLAN to WMAN. Also, when the SP
solution is compared with the average number of patients, the
probabilities of accessing reserved connections obtained
from the SP solution can be larger than those obtained based
on the average number of patients. This result confirms the
earlier observation that the cost can be lower when the SP
solution is used (compared to that when the average number
of patients is used for buying connections).

2) Scheduler Performance at the Patient-Attached Remote
Monitoring Device:

The average delay and connection cost per patient are
shown in FIGS. 9(a) and (&), respectively, with variations in
packet arrival probabilities of both critical and normal data. In
oneembodiment, it is observed that the transmission delay for
critical data can be smaller than that of normal data due to the
different weights in the objective function defined in (21).
Also, the average delay for critical data can decrease at
0, =0.5 since the scheduling of a patient-attached device
changes the action from transmitting normal data (i.e., u=2) to
transmitting critical data (i.e., u=1), so that the delay for
critical data can be minimized. Consequently, the delay for
normal data can increase rapidly. As the packet arrival prob-
abilities increase, the connection cost per patient can
increase, since the scheduler chooses to transmit data (i.e.,
u=1,2) more often to reduce the average transmission delay.

3) Scheduler Implementation Using Q-Learning:

FIG. 10 shows the convergence of the Q-learning algo-
rithm. Also, the cost and delay performances of the Q-learn-
ing algorithm can be compared with those obtained from the
CMDP formulation. With the Q-learning algorithm, the
patient-attached device can learn and adapt its decision.
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Although the connection cost per patient obtained from the
Q-learning is larger than that from the optimal solution, the
delays for both critical and normal data can be maintained
below the required limits, and the Q-learning algorithm is
easy to implement. Note that the delays and connection costs
from the Q-learning algorithm can be larger than those from
the optimal solution, partly due to the random action selection
in line 4 of the above algorithm, which is required to update
the Q-value if the network state changes.

IV. CONCLUSION

An architecture for remote patient monitoring service
based on heterogeneous wireless access has been presented.
eHealth service providers can provide such a value-added
service to mobile patients to guarantee the “always-con-
nected” feature “anytime, anywhere”. With a view to mini-
mizing the service cost for the eHealth service provider under
demand uncertainty due to the mobility of the patients, a
stochastic programming problem has been formulated to
obtain the optimal number of reserved connections. Also, at
the patient-attached device, the transmission scheduling of
biosignal data with different priority is optimized to minimize
the connection cost and satisfy the delay requirements. A
constrained Markov decision process formulation has been
used to obtain the optimal transmission scheduling decision.
The performance of the remote patient monitoring service
architecture has been evaluated from different system
aspects.

Although a few embodiments have been shown and
described, it will be appreciated by those skilled in the art that
various changes and modifications might be made without
departing from the scope of the invention. The terms and
expressions used in the preceding specification have been
used herein as terms of description and not of limitation, and
there is no intention in the use of such terms and expressions
of excluding equivalents of the features shown and described
or portions thereof; it being recognized that the scope of the
invention is defined and limited only by the claims that follow.
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We claim:

1. A system for the remote and mobile monitoring of at
least one patient, comprising:

a heterogeneous wireless access network providing com-
munication between at least one eHealth service pro-
vider and the at least one patient, the heterogeneous
wireless access network configured to provide a number
of reserved connections between the eHealth service
provider and the at least one patient, wherein the number
of reserved connections minimizes cost to the eHealth
service provider under randomness of connection
demand due to mobility of the at least one patient;

at least one monitoring device disposed on the at least one
patient, the at least one monitoring device comprising at
least one sensor configured for collecting bio-signal data
from the at least one patient, the at least one monitoring
device further comprises a heterogeneous wireless
transceiver configured to communicate the bio-signal
data to the eHealth service provider over the heteroge-
neous wireless access network;

wherein the bio-signal data is disposed in at least one queue
comprising one or more of a group consisting of a criti-
cal data queue and a normal data queue; and

and wherein the at least one monitoring device further
comprises a scheduler configured to optimize the sched-
uling of the transmission of the bio-signal data by sched-
uling the transmission of the bio-signal data at a time
when a cost of wireless access is minimized while sat-
isfying queuing delay requirements for different bio-
signal data.

2. The system as set forth in claim 1, wherein the wireless
access network further comprises at least one radio access
network operatively connected to the eHealth service pro-
vider for transferring received bio-signal data from the at least
one patient.
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3. The system as set forth in claim 2, wherein the wireless
access network further comprises two or more radio access
networks operatively connecting the at least one patient to the
e-Health service provider.

4. The system as set forth in claim 1, wherein the scheduler
is further configured to optimize the scheduling of the trans-
mission of the bio-signal data to the eHealth service provider
over the wireless access network in accordance with one or
more of a group consisting of a Packet Arrival Process, a
Constrained Markov Decision Process, a Solution Approach
Based on Linear Programming and a Q-Learning algorithm.

5. The system as set forth in claim 1, wherein the bio-signal
data comprises one or more of a group consisting of blood
pressure, pulse rate, heart rate, electrocardiogram signal and
sugar level.

6. A method for transmitting bio-signal data to an eHealth
service provider over a heterogeneous wireless access net-
work, the method comprising the steps of:

providing a heterogeneous wireless access network pro-

viding communication between at least one eHealth ser-
vice provider and at least one patient;

determining a number of reserved connections on the het-

erogeneous wireless access network between the at least
one eHealth service provider and the at least one patient,
wherein the number of reserved connections minimizes
cost to the eHealth service provider under randomness
of connection demand due to mobility of the at least one
patient;

providing at least one monitoring device and attaching the

at least one monitoring device to the at least one patient,
the at least one monitoring device having at least one
sensor configured for collecting bio-signal data from the
at least one patient, the bio-signal data comprising one or
more of a group consisting of critical data and normal
data, the at least one monitoring device further compris-
ing a heterogeneous wireless transceiver configured to
communicate the bio-signal data to the eHealth service
provider over the heterogeneous wireless access net-
work;

collecting bio-signal data from the at least one patient by

the at least one momitoring device;

packetizing and buffering the collected bio-signal data into

at least one queue, wherein critical data is packetized
and buffered into a critical data queue and normal data is
packetized and buffered into a normal data queue, the at
least one queue comprising the critical data queue and
the normal data queue;

optimizing the scheduling of the transmission of the

queued bio-signal data by scheduling the transmission at
atime when a cost of wireless access is minimized while
satisfying queuing delay requirements for different bio-
signal data; and

2) connecting the at least one queue to the heterogeneous

wireless transceiver and transmitting the queued bio-
signal data to the eHealth service provider over the het-
erogeneous wireless access network.

7. The method as set forth in claim 6, wherein the collected
bio-signal data is transmitted to the eHealth service provider
over the reserved connections.

8. The method as set forth in claim 6, further comprising
the step of establishing a connection between the heteroge-
neous wireless transceiver and the eHealth service provider
over the heterogeneous wireless access network on an on-
demand basis.
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optimizing the scheduling of the transmission of the bio-
signal data further comprises the steps of:
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determining whether or not to transmit the bio-signal data
from the at least one queue;

matching the bio-signal data in the at least one queue to at
least one wireless connection ofthe heterogeneous wire-
less access network; and

determining the number of packets of bio-signal data in the
at least one queue.

10. The method as set forth in claim 9, further comprising
the step of determining the number of reserved wireless con-
nections available to connect to the heterogeneous wireless
access network and relaying this information to a scheduler.

11. The method as set forth in claim 6, wherein the step of
optimizing the scheduling the transmission of the bio-signal
data is in accordance with one or more of a group consisting
of a Packet Arrival Process, a Constrained Markov Decision
Process, a Solution Approach Based on Linear Programming
and a Q-Learning algorithm.

12. The method as set forth in claim 6, wherein the bio-
signal data conmiprises one or more of a group consisting of
blood pressure, pulse rate, heart rate, electrocardiogram sig-
nal and sugar level.

13. The method as set forth in claim 6, wherein the step of
determining the optimal number of reserved connections fur-
ther comprises the step of determining a probability that the at
least one patient will be at a particular location in accordance
with a mobility transition probability matrix.

14. The method as set forth in claim 13, further comprising
the step of providing a number of reserved connections in
accordance with the determined probability that the at least
one patient will be at the particular location.

15. The method as set forth in claim 14, further comprising
the step of providing a number of on-demand connections
when the number of patients at the particular location is larger
than the number of reserved connections.

16. A method for transmitting bio-signal data to an eHealth
service provider over a heterogeneous wireless access net-
work, the method comprising the steps of:

providing a heterogeneous wireless access network pro-
viding communication between at least one eHealth ser-
vice provider and at least one patient;

determining a number of reserved connections on the het-
erogeneous wireless access network between the at least
one eHealth service provider and the at least one patient,
wherein the number of reserved connections minimizes
cost to the eHealth service provider under randomness
of connection demand due to mobility of the at least one
patient;

providing at least one monitoring device and attaching the
at least one monitoring device to the at least one patient,
the at least one monitoring device having at least one
sensor configured for collecting bio-signal data from the
at least one patient, the bio-signal data comprising one or
more of a group consisting of critical data and normal
data, the at least one monitoring device further compris-
ing a heterogeneous wireless transceiver configured to
communicate the bio-signal data to the eHealth service
provider over the heterogeneous wireless access net-
work;

collecting bio-signal data from the at least one patient by
the at least one monitoring device;

e) packetizing and buffering the collected bio-signal data
into at least one queue, wherein critical data is pack-
etized and buffered into a critical data queue and normal
data is packetized and buffered into a normal data queue,
the at least one queue comprising the critical data queue
and the normal data queue;
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optimizing the scheduling of the transmission of the
queued bio-signal data by scheduling the transmission at
atime when a cost of wireless access is minimized while
satisfying queuing delay requirements for different bio-
signal data; and

connecting the at least one queue to the heterogeneous

wireless transceiver and transmitting one or both of the
critical data and the normal data to the eHealth service
provider over the heterogeneous wireless access net-
work.

17. The method as set forth in claim 16, wherein one or both
of the collected critical data and the collected normal data is
transmitted to the eHealth service provider over the reserved
connections.

18. The method as set forth in claim 16, further comprising
the step of establishing a connection between the heteroge-
neous wireless transceiver and the eHealth service provider
over the heterogeneous wireless access network on an on-
demand basis.

19. The method as set forth in claim 16, further comprising
the step of determining whether or not to transmit one or both
of the critical data and the normal data from the at least one
sensor.
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20. The method as set forth in claim 16, further comprising
the step of optimizing the transmission of one or both of the
critical data and the normal data in accordance with one or
more of a group consisting of a Packet Arrival Process, a
Constrained Markov Decision Process, a Solution Approach
Based on Linear Programming and a Q-Learning algorithm.

21. The method as set forth in claim 16, wherein the bio-
signal data comprises one or more of a group consisting of
blood pressure, pulse rate, heart rate, electrocardiogram sig-
nal and sugar level.

22.The method as set forth in claim 16, wherein the step of
determining the optimal number of reserved connections fur-
ther comprises the step of determining a probability that the at
least one patient will be at a particular location in accordance
with a mobility transition probability matrix.

23. The method as set forth in claim 22, further comprising
the step of providing a number of reserved connections in
accordance with the determined probability that the at least
one patient will be at the particular location.

24. The method as set forth in claim 23, further comprising
the step of providing a number of on-demand connections
when the number of patients at the particular location is larger
than the number of reserved connections.
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wm
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Column 12, equation (15), the portion of the equation reading

ﬁ wl
res 1 1
[=1l'elL,

” should read

ﬂoij':; A

13

ﬂWl
res 1 _

o, I=1l'e L,
ﬂond,l

0,,) 0,

Column 13, line 1, delete “-continued™;

“ 3><m K xK xB xB

C

?

Column 12, line 40, change “

Column 15, line 29, change ” 10

__3><‘L\ xK,xK xB,xB.

Column 17, line 4, change 710 -- --; and
In the Claims

Column 21, claim 6, line 53, delete “g)”.
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