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ABSTRACT

In smart grid, the real-time pricing is implemented to motivate power consumers to change their consumption profile
dynamically. With the real-time pricing, a deferrable load can be scheduled by its scheduler optimally so that the power
consumption cost will be minimized. However, when the data communication in smart grid suffers from interference,
congestion, malfunction in devices, or even cyber attack, it is possible that the power price information cannot be trans-
mitted successfully to the scheduler. As a result, the scheduling performance will be negatively affected by the suboptimal
decision-making because of incomplete power price information. To overcome this problem, a partially observable Markov
decision process based deferrable load scheduling algorithm is proposed. Besides, the implementation of a standby alter-
native channel with the purpose to improve the reliability of the data communication in smart grid is also discussed in this
paper. The numerical results show that the proposed partially observable Markov decision process based algorithm and the
implementation of standby channel can effectively improve the scheduling performance when the scheduler lacks actual
price information. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In traditional power systems, the information regarding
the system status (e.g., power consumption, amount of
consumers, operating status of power transmission lines,
or distribution stations) is usually measured and recorded
by analog devices. There is seldom real-time and auto-
matic information communications among components of
the grid. In contrast, in the next generation power system,
the so-called smart grid, a bidirectional communication
infrastructure will be built to enable faster and more effi-
cient information sharing among the components. Figure 1
shows the hierarchical structured computer networks in the
communication infrastructure.

As shown in Figure 1, in a residential house, through
a home area network, the smart meter can gather the data
measured by sensors implanted in home appliance and con-
trol the operation of appliance (i.e., turn on/off) through
actuators embedded in them. The data gathered by the
smart meter are sent to a data aggregator unit (DAU)
through a neighborhood area network (NAN). The NAN
can cover several residential houses or a community, and a

DAU acts as the gateway of the NAN. Through a wide area
network (WAN), the meter data are relayed by the DAU
to the meter data management system (MDMS) where the
data will be used for decision-making with an objective
of minimizing the power supply and power consumption
costs. On the other hand, for the downstream, the infor-
mation from the MDMS (e.g., power price or regulation
orders) is transmitted through these networks downwards
to the smart meter. The smart meter uses the information
to perform residential energy-consumption scheduling [1]
or just executes the commands from the MDMS to handle
emergency events (e.g., power outage).

Demand-side management is used to manage and con-
trol the power consumption of consumers and arises as an
important issue in smart grid because a more stable power
demand profile will enable the available power generat-
ing capacity to be used more efficiently, save the cost for
installing new generation and transmission capacity, and
reduce the regulation cost of the system operator. To realize
the demand-side management, the real-time pricing [2,3]
can be implemented by the public utility. The term “pub-
lic utility” refers to as a company or organization, which
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Figure 1. System model.

provides power services to the public. Under real-time pric-
ing, the power price is dynamically decided by the MDMS
based on the power demand and the power production on
the power consumer’s and supplier’s sides, respectively.

Deferrable load scheduling belongs to the scope of
demand-side management. The deferrable load (e.g.,
washer/dryer, air condition, or charging an electric vehicle
[4]) is a kind of power consumption units whose operation
can be postponed. The scheduler embedded in the smart
meter can be used to defer the load’s operation when the
power price is high and to allow the load to consume power
later when the price becomes cheap [1]. The decision made
by the scheduler is based on the real-time power price. The
minimum power consumption cost can be achieved if the
power price is always available to the scheduler. Without
price information or with incomplete power price informa-
tion, the optimal decision of the deferrable load scheduling
cannot be made. Therefore, the availability of communi-
cation networks used to transmit the price information is
important to the scheduler. However, few works in the liter-
ature quantitatively assess the impact of network reliability
on the power consumption cost or provide any feasible
methods to mitigate the impact.

In this paper, we consider the deferrable load scheduling
under different data communication availability condi-
tions. In order to assess the impact of network reliability
on the system, specifically on the power consumption cost,
and to provide feasible methods to alleviate the negative
impact, the following work has been carried out in
our research.

� The optimal deferrable load scheduling policy is
obtained with complete power price information (i.e.,
power price is always observable to the scheduler).
This corresponds to the case that the data communi-
cation between MDMS and the smart meter is always
available. The Markov decision process (MDP) model
is formulated and solved to obtain the optimal policy.

� The deferrable load scheduling policy is obtained
with incomplete power price information (i.e., power
price may not be always available to the scheduler).
This corresponds to the situation that the data connec-
tion can be unavailable occasionally because of inter-
ference, congestion, malfunction of network devices,
or even cyber attacks. Two approaches to obtain the
scheduling policy in this situation are as follows:

– When the power price information is not avail-
able, the scheduler can use historical price
information to make the decision. The MDP is
applied to obtain the scheduling policy.

– The power price information is assumed to
be partially observable. The partially observ-
able MDP (POMDP) method is applied to
obtain the deferrable load scheduling policy
with incomplete information.

The contributions of this paper can be summarized
as follows:

� The impact of data communication unavailability on
the power consumption cost is assessed through the
scheduling policy obtained from MDP and POMDP
models.

� The numerical results show that the proposed
POMDP-based deferrable load scheduling algorithm
can effectively mitigate the impact of incomplete
price information on the scheduling performance.

� We introduce the optimal channel selection scheme
to provide an alternative of the power price informa-
tion transfer. An optimization problem is formulated
and solved to obtain the optimal channel selection
policy. The performance evaluation result shows that
the power consumption cost can be reduced by using
a standby channel.
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In summary, we present the optimization framework,
which can be used not only to obtain the deferrable load
scheduling policy and assess the impact of communication
network’s unavailability on the power consumption cost
but also to determine the channel selection strategy. Note
that although in this paper, we mainly focus on studying the
impact of data communication availability based on NAN,
the analysis can be straightforwardly extended to the WAN
and the multi-hop connection between the consumer’s side
and the MDMS.

The rest of this paper is organized as follows. Section 2
reviews the related work. Section 3 gives the system
model. In Section 4, the deferrable load scheduling prob-
lem with perfect data connection is discussed and solved.
In Section 5, the deferrable load scheduling problem with
imperfect data connection is solved through the MDP
method and the average price is used when the data con-
nection is not available. In Section 6, the POMDP is
formulated to solve the scheduling problem with imperfect
data connection. The performance evaluation of differ-
ent scheduling approaches is presented in Section 7. The
conclusion of the paper is given in Section 8.

2. RELATED WORK

Nowadays, information and communication technologies
have profoundly penetrated in complex systems used in
our daily lives. The reliability of communication networks
in those systems receives more and more concerns. For
instance, malfunctions in wireless networks used in train
control system could possibly lead to train derailment, col-
lision, or more severe accident. In [5], the statuses of data
links in a communication-based train control system are
modeled by a continuous-time Markov chain, and the avail-
ability of the data communication system is analyzed. Two
new data communication systems with extra antennas and
access points are proposed to improve the service avail-
ability. For smart grid, because of the coherent connection
between the data communication networks and the power
system in smart gird, a lot of works analyze the reliability
of the smart grid data communication networks as well as
its impact on the power system. In [6], three-level archi-
tecture (i.e., device, network, and service levels) is pro-
posed for assessing reliability of communication network
in smart grid. The impact of the network failure on the
stability and reliability of operational and management ser-
vices is evaluated. In [7], the drawbacks of commonly used
models and methods of reliability analysis are discussed.
Then some novel directions are proposed, which can
overcome the difficulties in analyzing the complicated
communication system in smart grid. In [8], a simulator
program for analyzing the communication network in
smart grid is developed. Three communication network
topologies are analyzed by the proposed simulator. From
the simulation result, it can be observed that some links
have higher importance than that of other links. In [9],
a multigate mesh network architecture that expands the
hybrid tree routing of the IEEE 802.11s is proposed.

Inside the mesh network, there are multiple gateways
implemented to guarantee that the reliability, quality
of service requirement can be satisfied. In [10], the
availability of communication components (e.g., home
area network gateways and NAN gateways) is analyzed
through the dependency diagram. Then the costs of
power over supply and power under supply are analyzed
from a perspective of public utility with the assumption
of disconnections.

On the aspect of deferrable load scheduling or power
consumption control, there are also some works in the
literature. In [11], the power consumption control of the
deferrable load, specifically the electric water heating and
storage system, is discussed. The purpose of the power
consumption control is to balance the demand and sup-
ply in the power system so that the fluctuation of power
frequency can be flattened. In [12], binary particle swarm
optimization is used to solve the scheduling problem of
interruptible load. The binary particle swarm optimiza-
tion based algorithm is shown to be able to achieve the
total curtailment and payment requirement. Besides, the
algorithm does not violate the tolerance limit of the inter-
ruptible load, and the frequency of interruption can be
constrained. In [13], the power consumption scheduling of
the deferrable load with price uncertainty is studied. The
statistical information about price is used for estimating
the future price. The objective is to find an appropriate
threshold to start the deferrable task so that the expected
cost can be minimized. In [14], each deferrable task is
specified by the arrival time, the departure time, the total
energy required, and the maximum power rate. The capa-
bilities of three heuristic causal scheduling policies on
reducing required reserve energy are studied. In [15], a
central scheduling center is responsible for the deferrable
load scheduling. But all loads should be informed to the
center before the scheduling happens. A greedy algorithm
is used to shape the load profile as close as possible to
the target load profile. In [16], the price uncertainty in the
future time slots is modeled through robust optimization
techniques. The robust model is transformed into a linear
programming problem from which the optimal consump-
tion level in the current time slot is solved. The objective
is to achieve the minimum daily energy consumption.
In [17], a multi-timescale power consumption scheduling
problem composed of day-ahead scheduling and real-
time scheduling is studied. The day-ahead scheduling is
solved on the basis of distributional information of power
generation and demand. The real-time scheduling is solved
on the basis of actual information. The multi-timescale
scheduling problem is formulated as a multi-timescale
MDP. In [18], the power consumption scheduling algo-
rithm is formulated as an integer linear programming
problem. The decision is the amount and time of power
consumption for the load. Both centralized and distributed
scheduling cases are considered, where a branch and bound
method is used to obtain the optimal solution.

Note that even though the term “price uncertainty”
appears in some works, it only refers to the uncertainty
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of the future price. The current price is assumed to be
observable and certain. However, this assumption may not
be realistic in some circumstances when disconnection
and failure happen in the data communication networks
of smart grid. Very few works in the literature consid-
ered the impact of the incomplete power price information
on the deferrable load scheduling performance. Although
in two of our conference papers [19,20], the deferrable
load scheduling with imperfect data communications has
been discussed, there are still some limitations in these
two works. In [19], an algorithm is proposed to inquire
the power price at the lowest inquiry cost. The deferrable
load scheduling is solved in a finite time horizon with the
assumption that applying the price inquiry algorithm, the
price information will be approximately always available
to the scheduler. In [20], the deferrable load scheduling
problem with incomplete price information is solved for
the infinite time horizon, and the scheduling performance is
compared with that in the complete price information case.
In both of these two works, there is no method proposed
to solve the performance degradation caused by the imper-
fect data communication. On the contrary, in this paper, the
deferrable load scheduling problems for the cases with and
without perfect data communication are solved in a finite
time horizon. The degradation of scheduling performance
caused by incomplete price information is analyzed quan-
titatively. Besides, a POMDP-based scheduling algorithm
is proposed to mitigate the adverse impact of incom-
plete price information on scheduling. Moreover, a standby
channel is utilized to increase the probability of receiving
power price information so that the degraded scheduling
performance can be further improved.

3. SYSTEM MODEL

3.1. Deferrable load scheduling and
real-time pricing

We consider a deferrable load whose operations can be
scheduled on the basis of real-time power price information
provided by the public utility. The operation of a deferrable
load is divided into hm stages. The deferrable load is time
elastic, which means that its operation in each stage can
be delayed (e.g., until the power price is low). To mini-
mize the power consumption, a scheduler embedded in the
smart meter can be used to optimize the operation of the
deferrable load in each stage. We assume that the scheduler
operates on a time slot basis, where each stage of the
deferrable load’s operation corresponds to one time slot.
In each stage, the scheduler can choose to run or delay
the deferrable load. If the scheduler decides to run, the
deferrable load consumes power and the power cost will
be paid by the consumer according to the power price.
The load† may consume different amounts of power at

†For the rest of the paper, “deferrable load” and “load” are used

interchangeably.

different stages. On the other hand, if the load is deferred,
the power consumption is assumed to be zero. The maxi-
mum number of time slots that the load can be deferred in
each stage is bounded by the deferment limit dm. For exam-
ple, for dm D 2, the load can be deferred for two time slots
at most. When the load has been deferred for dm time slots,
it is mandatory to run the load in the next time slot. Once
the load runs all hm stages, a job is finished. The scheduler
can maintain a queue to buffer arriving jobs. The maximum
queue size is assumed to be lm.

Real-time pricing is adopted by the public utility, where
the power price information is sent by the public utility
periodically in each time slot. We assume that the power
price is divided into different levels from low to high. The
Markov chain can then be used to model the power price
adaptation. For example, if there are three price levels (i.e.,
low, moderate, and high), the price transition is modeled as
a three-state Markov chain. Note that similar assumption is
made in other works (e.g., [21]).

3.2. Smart grid data communication
infrastructure

We consider the data communication infrastructure to sup-
port various smart grid applications, including deferrable
load scheduling as shown in Figure 1. A smart meter is
connected with an NAN through a DAU. The smart meter
receives real-time power price information and then for-
wards it to the scheduler, which will make a decision on
power consumption. In the system model under considera-
tion, we assume that a cognitive radio network is used for
the NAN to reduce the cost paid for data transmission. The
smart meter plays the role of a secondary user in the cogni-
tive radio network and performs dynamic spectrum access
[22] to opportunistically use the licensed channel, which
belongs to a primary user (i.e., the licensee). In a cognitive
radio network, the primary user has the privilege of using
its licensed channel at any time. The smart meter can only
access the licensed channel in some time slots when it is
temporarily not occupied by the primary user [23]. There-
fore, the licensed channel, also called the default channel in
our context, may not be always available to the smart meter.
Besides, the NAN may suffer from interference, hardware
malfunction, software failures, or cyber attacks.

The cyber attacks that aim to disrupt the NAN can be
launched in the form of denial-of-service (DoS) attack
[24]. In a DoS attack, the attacker sends overwhelming
communication requests to the DAU to overwhelm its
capacity of receiving information from legitimate devices
(e.g., smart meters and routers of the WAN). Under the
DoS attack, the DAU cannot receive the price information
from the MDMS. The DoS attack can also be launched to a
smart meter. When a smart meter is under attack, it cannot
receive the price information from the DAU in a required
period. Apart from DoS attacks, an attacker can also aim at
the control of a DAU. Once the attacker gains the control of
the DAU, it can intercept the price information transmitted
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from the MDMS and does not relay the price information
to the smart meter.

The motivations of cyber attacks can be diverse. Some
attacks are originated from the commercial competitions
among companies in the power market [25]. As the power
market is affected by such attacks, attackers can make
monetary profits [26]. Some other attacks may be origi-
nated from the terrorism or military purposes. An intrusion
detection system [27,28] can be implemented in smart grid
to detect the attacks, resolve them, and restore the function
of the NAN.

Herein, the activity of the primary user and the cyber
attack is considered to be the most critical factors that
influence the availability of the default channel. When the
data connection is not available, the smart meter cannot
receive the power price information. Lacking of the power
price information, the scheduler cannot make an optimal
decision. To solve such a problem, a standby alternative
channel (e.g., 3G cellular network) can be used to receive
the power price information. It is assumed that the standby
channel is always available, but accessing it will incur
additional cost.

To analyze the deferrable load scheduling problem under
the impact of data communication unavailability, we con-
sider three cases, that is, perfect default channel, imperfect
default channel, and imperfect default channel with the
POMDP-based algorithm.

3.2.1. Case 1: Perfect default channel.

The default channel between a smart meter and NAN is
assumed to be always available. The scheduler can receive
the power price information at the beginning of every time
slot. Because the power price information is complete, the
optimal scheduling policy can be obtained. Therefore, in
this case, the power consumption cost will be the lowest.
In Section 4, the MDP is formulated for the deferrable
load scheduling problem, and the value iteration algo-
rithm is used to obtain the optimal policy. Because the
default channel is assumed to be perfect, the smart meter
does not need to access the standby channel and pay the
access price.

3.2.2. Case 2: Imperfect default channel.

However, in practice, the default channel may not be
always available. Therefore, we consider the case in which
the default channel is unavailable occasionally. If the data
communication is not available, the real-time price infor-
mation cannot be received by the smart meter. The first few
mini-slots in each time slot are assumed to be used by the
smart meter to receive the price information. After these
mini-slots are exceeded, if the smart meter still does not
receive the price, the power price information is consid-
ered to be unavailable in this time slot. In this situation, the
scheduler will use the average price to make a decision for
the deferrable load. The unavailability of the power price
information will result in a suboptimal scheduling deci-
sion and extra cost to the consumer. More details about the

average price and standby channel access in this case will
be given in Section 5.

The imperfect default channel is modeled as a two-state
“on-off” Markov chain with parameters (˛, ˇ), where ˛
is the transition probability from the “unavailable” (i.e.,
“off”) state to “available” (i.e., “on”) state and ˇ is the tran-
sition probability from the “available” state to “available”
state. The state transition matrix of the channel model can
be expressed as follows:

C D
�

1 � ˛ ˛

1 � ˇ ˇ

�
(1)

where the first and the second rows correspond to the states
“unavailable” and “available,” respectively.

Again, the MDP is formulated for the deferrable load
scheduling problem. Moreover, the standby channel access
is jointly optimized on the basis of the access price.
Expectedly, the cost of the deferrable load scheduling in
this case will be higher than that in the case of perfect
default channel.

3.2.3. Case 3: Imperfect default channel with the

partially observable Markov decision process

based scheduling algorithm.

An imperfect default channel is considered. However,
the scheduler implements the POMDP-based algorithm to
obtain the scheduling policy, in which the power price
information is partially observable. The time slot struc-
ture of this case is shown in Figure 2. At the beginning of
each time slot, the scheduler will try to obtain the power
price information by accessing either the default channel
or the standby channel. The scheduler can observe the
power price information if the data connection is available.
Otherwise, the scheduler cannot observe the price informa-
tion. According to the observation, the scheduler’s belief
about the power price level is updated. Then, unlike Case
2, the load scheduling decision in this Case 3 is made
on the basis of the scheduler’s belief of the power price
level in the current time slot. In Section 6, the POMDP
is formulated, and both the scheduling policy and channel
accessing policy can be jointly optimized. From the per-
formance evaluation presented in Section 7, it is shown
that the POMDP-based scheduling algorithm can achieve
the cost lower than that in Case 2 but higher than that
in Case 1.

Figure 2. Time slot structure.
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4. CASE 1: PERFECT DEFAULT
CHANNEL

In this section, we assume the smart meter can always
receive the actual power price information. We model the
deferrable load scheduling problem as an MDP model
defined as < S,A,Q,F >, where S is the state space, A
is the action space, Q is the transition probability matrix,
and F is the immediate cost function defined for each state
when different actions are taken.

The state space S is defined as follows:

S D f.l, d, g, h/; l D f0, 1, : : : , lmg, d D f0, 1, : : : , dmg

g D f0, 1, : : : , gmg, h D f0, 1, : : : , hmgg
(2)

where l represents the number of deferrable jobs including
the running job currently served by the scheduler and lm is
the maximum queue size. d represents the wait state (i.e.,
the number of time slots that the running job has already
been deferred), and dm is the deferment limit (i.e., max-
imum number of time slots that the job can be deferred
in each stage). g represents the price level, and gm repre-
sents the highest price level. h represents the current stage
of the running job. 0 and hm are the first and final stages,
respectively.

The action space is defined as A D fa1, a2g, where a1
is the action to run the load and consume power at stage h
in the current time slot. a2 is the action to defer the load.
First, the transition probabilities are derived for actions a1
and a2, respectively.

4.1. Transition probability matrix for
action “run”

Let Su.run/ and Sf .run/ denote the probability matrices
for the transition of stage h and wait state d when no job
is being finished and the job is being finished at the end of
the current time slot, respectively, given the current action
is “run.” The rows of these matrices correspond to states
.0, 0/, : : : , .0, d/, : : : , .0, dm/, : : : , .h, d/, : : : , .hm, 0/, : : : ,
.hm, dm/. The elements of these matrices can be obtained
as follows:

Su
.h,d/,.h0,d0/.run/ D

�
1 h ¤ hm, h0 D hC 1, d0 D 0
0, otherwise

(3)

Sf
.h,d/,.h0,d0/.run/ D

�
1 h D hm, h0 D 0, d0 D 0
0, otherwise

(4)

where Su
.h,d/,.h0,d0/.run/ and Sf

.h,d/,.h0,d0/.run/ are the tran-

sition probabilities from state .h, d/ to state .h0, d0/ in
matrices Su.run/ and Sf .run/, respectively. The probabil-
ity defined in (3) corresponds to the transition to the next
stage, and the wait state is reset to 0. The probability in
(4) corresponds to that when all stages are finished and the
current running job is finished. Then the next job waiting

in the queue is now served, and the stage and the wait state
are reset to the initial value .0, 0/.

Let P denote the price level transition probability matrix
[21]. Then, we can combine the transition of the stage,
wait state and price level. Tu.run/ and Tf .run/ express the
transition matrices of the composite states. Tu.run/ and
Tf .run/ can be obtained as follows:

Tu.run/ D P˝ Su.run/, Tf .run/ D P˝ Sf .run/ (5)

where˝ is the Kronecker product.
Next, the queue state transition is combined, and the

resulting transition probability matrix for all state tran-
sitions under state space S with action “run” is given
by

Q.run/ D

2
6664

Q0,0 Q0,1
Q1,0 Q1,1 Q1,2

. . .
. . .

. . .
Qlm,lm�1 Qlm,lm

3
7775 (6)

where Ql,l0 is the transition probability matrix when the
current number of jobs in the queue is l and becomes l0.
These matrices can be obtained as follows:

Q0,0 D P˝

2
64
.1 � �/ 0 � � � 0

...
...

...
.1 � �/ 0 � � � 0

3
75 , Q0,1 D P˝

2
64
� 0 � � � 0
...

...
...

� 0 � � � 0

3
75

(7)

Ql,l�1 D .1 � �/Tf .run/ (8)

Ql,l D .1 � �/Tu.run/C �Tf .run/ (9)

Ql,lC1 D �Tu.run/ (10)

Qlm,lm D .1 � �/T
u.run/C �Tf .run/C �Tu.run/ (11)

where � is the new job arrival probability. In (7), the transi-
tion matrices Q0,0 and Q0,1 are defined from the fact that if
there is no job in the queue, the initial values of both stage
and wait states must all be 0. Ql,l�1, Ql,lC1, and Ql,l are for
the cases that the number of jobs in the queue decreases,
increases, and does not change, respectively. For Ql,l�1, the
number of job decreases when the job is finished at the final
stage and there is no new arriving job. For Ql,lC1, the num-
ber of jobs increases when the job is run at the intermediate
stage and there is a new arriving job. For Ql,l, the number
of jobs does not change when the job is run at the interme-
diate stage and there is no new arriving job, or when the
job is finished at the final stage and there is a new arriving
job. For Qlm,lm , the queue is full when a new job arrives and
the current job is still at the intermediate stage. As a result,
the new job will not be admitted into the queue.
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4.2. Transition probability matrix for
action “defer”

For the action “defer,” similarly we use Su.defer/ and
Sf .defer/ to denote the probability matrices for the tran-
sition of stage h and wait state d, when no job is finished
or the job is finished at the end of the current time slot,
respectively. The elements of matrices Su.defer/ and
S f .defer/ are obtained as (12) and (13), respectively.

Su
.h,d/,.h0,d0/.defer/ D

8̂̂
<
ˆ̂:

1, .h ¤ hm, d D dm, h0 D hC 1, d0 D 0/ OR
.h ¤ hm, d ¤ dm, h0 D h, d0 D dC 1/ OR
.h D hm, d ¤ dm, h0 D hm, d0 D dC 1/

0, otherwise,

(12)

Sf
.h,d/,.h0,d0/.defer/ D

�
1 h D hm, d D dm, h0 D 0, d0 D 0
0, otherwise.

(13)
The probability defined in (12) corresponds to the case

that the current job will not be accomplished if it is not
at the final stage or if it is at the final stage, but it is not
at the final wait state dm. The probability defined in (13)
corresponds to the case that if the current job is at the final
stage and the final wait state is reached, then it is mandatory
to run the job and accomplish it.

Following the same procedure for the action “run,” we
can obtain Q.defer/ that is the transition probability matrix
for all state transitions under space S when action “defer”
is taken.

4.3. Optimization formulation

We assume that the time horizon of the deferrable load
scheduling is finite (e.g., to run the load within a day), and
we apply the value iteration algorithm to find the optimal
policy [29]. The immediate costs are defined as follows:

Fa1

.l,d,g,h/ D

8̂̂
<
ˆ̂:

Fg�h, l ¤ 0, l ¤ lm
Fg�h C �Fdrop, l D lm, h ¤ hm

Fg�h, l D lm, h D hm

0, l D 0

(14)

Fa2

.l,d,g,h/ D

8<
:

Fdef , l ¤ 0, l ¤ lm, d ¤ dm

Fdef C �Fdrop, l D lm, d ¤ dm

0, l D 0.
(15)

Recall that a1 and a2 are the “run” and “defer” actions,
respectively. Fg is the power price at price level g, and �h

is the amount of power consumed by the load at stage h.
Fdef is the penalty cost for the “defer” action. Fdrop is the
cost if the arriving job cannot be admitted into the queue.
Because the objective of the scheduling optimization is not
only to minimize the cost paid for power consumption but
also to finish the job as soon as possible, Fdef and Fdrop are
used to balance the two objectives. The second condition
in (14) corresponds to the case that if the queue is full and

the current running job is not yet at the final stage, then
even though the load is run in the current time slot, there is
a probability of � that the arriving job will not be admitted
into the queue. The third condition in (14) corresponds to
the case that if the current running job is at its final stage,
then the job will be finished in the current time slot. As a
result, the arriving job will be admitted into the queue. The
second condition in (15) corresponds to the case that if the
queue is full and the action “defer” is taken, the probability

that the arriving job will not be admitted into the queue
is �.

To be succinct, the immediate cost Fa
.l,d,g,h/ is expressed

as Fa
i , where i 2 S. Applying the value iteration algorithm,

we can iteratively find the optimal actions as follows:

V�i .t/ D min
a2A

Fa
i C

X
j2S

qa
i,jV�j .tC 1/, 8i 2 S (16)

where qa
i,j represents the transition probability in matrix

Q.a/, i is the state of the load in the current time slot, and
j is the state in the next time slot. Through (16), we can
find the optimal action for each state at decision epoch t
as follows:

a�i .t/ D arg min
a2A

Fa
i C

X
j2S

qa
i,jV�j .tC 1/, 8i 2 S (17)

Let T denote the length of the finite time horizon. Finally,
we can find the optimal policy

˚
a�i .1/, a�i .2/, : : : , a�i .T/

�
and solve the deferrable load scheduling problem in the
case of perfect default channel.

5. CASE 2: IMPERFECT DEFAULT
CHANNEL

In this section, we study the deferrable load scheduling
problem when the default channel between a smart meter
and a NAN is not perfect. In particular, the default chan-
nel may be unavailable. To improve the communication
reliability, the smart meter can choose either the default
channel or the standby channel to obtain power price infor-
mation. To analyze the impact of channel selection, we first
solve the deferrable load scheduling problem without the
standby channel. Then we include the standby channel into
our model and solve the scheduling and channel selection
problems jointly.

5.1. Without the standby channel

We formulate the scheduling problem in Case 2 without
the standby channel as an MDP problem < S,A,Q,F >,
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where the meanings of S, A, Q, and F are the same as
those in Case 1. However, the state space S is defined
as follows:

S D
n
.l, d, g, h, w/; l D f0, 1, : : : , lmg

d D f0, 1, : : : , dmg, g D f0, 1, : : : , gmg

h D f0, 1, : : : , hmg, w D f0, 1g
o (18)

where l, d, g, and h have the same meanings as those in
(2) of Section 4. In addition, w represents the state of the
default channel that can be unavailable or available denoted
by “0” and “1,” respectively.

5.1.1. Definition of the transition probability

matrix.

Without the standby channel, the matrices Su.a/ and
Sf .a/ for the transition of stage h and wait state d are
defined the same as those in Case 1, where a can be either
“run” or “defer” action. Let P denote the price transition
probability matrix. We can define the probability matrix for
the transition of price level g and the default channel state
w as follows:

J D
�
.1 � ˛/I ˛I
.1 � ˇ/P ˇP

�
(19)

where J denotes the probability matrix for the transition of
price level and default channel state. ˛ and ˇ are the tran-
sition probabilities of the default channel state as defined
in (1). In the first row of matrix J, the channel state in the
current time slot is “unavailable.” As a result, the sched-
uler cannot observe the price level, and the identity matrix
I with an appropriate size is applied (i.e., there is no change
of price level from the scheduler’s perspective). In the sec-
ond row of matrix J, the channel state is “available,” and
hence, the scheduler can observe the price level. Therefore,
the matrix P is applied.

Then we can combine the transition of the stage, wait
state, price level, and default channel state by using Tu.a/
and Tf .a/ to denote the transition matrices of the com-
posite four states, where a can be “run” or “defer” action.
Tu.a/ and Tf .a/ can be similarly expressed as that in (5)
with matrix P being replaced by matrix J.

To build the overall transition matrix Q, the similar steps
defined in (7)–(11) are also applied. Note that matrix P in
(7) should be substituted by matrix J.

5.1.2. Optimization formulation.

Then the scheduling problem in Case 2 without the
standby channel can be similarly formulated as in (16). The
immediate cost functions in Case 2 without the standby
channel are denoted by Fa1

.l,d,g,h,w/ and Fa2

.l,d,g,h,w/ for
actions “run” and “defer,” respectively. For action “run,” if
w D 1 (i.e., the default channel is available), the definition
of Fa1

.l,d,g,h,w/ is the same as that defined in (14). However,

if w D 0, in Fa1

.l,d,g,h,w/, the actual power price Fg should
be replaced by the average power price Fave. For action

“defer,” the definition of Fa2

.l,d,g,h,w/ is always the same as

that defined in (15). Let E� denote the stationary probabil-
ity vector of the price level g. E� can be obtained by solving
E�T P D E�T and E�T E1 D 1, where E1 is a vector of ones
with an appropriate size. The average power price can be
obtained from Fave D E�

T ŒF0, : : : , Fgm �
T , where F0 and Fgm

are the power prices at the lowest and highest power levels,
respectively.

Through the value iteration algorithm, the pseudo-
optimal policy

˚
a�i .1/, a�i .2/, : : : , a�i .T/

�
in Case 2 with-

out the standby channel can be obtained. The policy is
called pseudo-optimal because the price information used
in the scheduling process is incomplete and the imme-
diate cost function Fa1

.l,d,g,h,w/ is inaccurate. Although the
pseudo-optimal policy is applied by the scheduler, we
should use the actual immediate cost function QFa

i (i D
Œl, d, g, h, w�) in which the average cost Fave is substituted
by the actual power price Fg to calculate the actual total
cost paid by the customer. The transition probability matrix
Q has to be modified as well. Specifically, the elements in
the first row of matrix J should be modified as .1�˛/P and
˛P. To calculate the actual total cost, we assume that the
complete price information is available. Let QQ denote the
transition matrix after modification. Then using the value
iteration function, the actual total cost can be calculated
as follows:

V?i .t/ D QFa�
i C

X
j2S
Qqa�

i,j V?j .tC 1/, 8i 2 S (20)

where V?i .t/ represents the actual total cost at state i in the
tth time slot when the pseudo-optimal action a� is taken
and actual immediate cost function QFa

i is applied. Qqa�
i,j is the

transition probability in the modified matrix QQ when action
a� is taken.

5.2. With the standby channel

When the standby channel is available in the system, the
scheduler can choose either the default channel or the
standby channel to access. To access the channel opti-
mally, the MDP formulation defined in Section 5.1 can be
extended and solved for the optimal policy. In this case, the
state space S of the extended MDP formulation is defined
as follows:

S D f.l, d, g, h, u, w/; l D f0, 1, : : : , lmg

d D f0, 1, : : : , dmg, g D f0, 1, : : : , gmg

h D f0, 1, : : : , hmg, u D f0, 1g, w D f0, 1gg

(21)

where u is the indicator of the channel currently accessed.
u D 0 and u D 1 represent that the default channel
and standby channel are accessed, respectively. w repre-
sents the state of the default channel in the current time
slot. Because the standby channel is assumed to be always
available, there is no need to keep track the state of the
standby channel.
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The action space A is extended as follows:

A D A [ B, A D fa1, a2g, B D fb0, b1g (22)

where a1 and a2 represent the actions to run and to defer
the load in the current time slot, respectively. b0 and
b1 represent the actions of accessing the default chan-
nel and accessing the standby channel in the next time
slot, respectively.

5.2.1. Transition probability matrix.

The matrices Su.ai, bj/ and Sf .ai, bj/ for the transition
of stage h and wait state d are defined the same as those
in Case 2 without the standby channel, where ai can be
either “run” or “defer” action, and bj can be any action in
the action set B. Because the transition of stage h and wait
state d does not depend on the channel access action, the
transition matrices Su.ai, bj/ and Sf .ai, bj/ are not affected
by action bj either. Here, let J denote the probability
matrix for the transition of the price level, the indicator
of the channel currently accessed, and the default channel
state. The elements of matrix J can be obtained as (23),

J.g,u,w/.g0,u0,w0/.ai, bj/ D

8<
:

P.g, g0/C.w, w0/, j D u0, .w D 1 OR u D 1/
Ip.g, g0/C.w, w0/, j D u0, u D 0, w D 0
0, otherwise

(23)

where .g, u, w/ and .g0, u0, w0/ represent the price level,
the indicator of the channel currently accessed, and the
default channel state in the current and the next time slots,
respectively. P.g, g0/ is the transition probability from the
current price level g to the next price level g0. Ip.g, g0/ is
the element of an identity matrix with the same size as that
of the price transition matrix P. The first condition in (23)
corresponds to the case that if action bj is chosen, then j
should be equal to the indicator of the channel accessed
in the next time slot (i.e., u0). w D 1 indicates that the
default channel is available. u D 1 indicates that the
standby channel is accessed. In both of the two situations,
the actual price level is observable and the probability in
matrix P is applied. We assume that the state of the default
channel is still observable to the scheduler even when the
standby channel is accessed. For the second condition in
(23), the state of the default channel currently accessed
is unavailable (i.e., w D 0). As a result, the actual price
level is not observable. Then the probability in the identity
matrix Ip is applied. That is, there is no change of price
level from the scheduler’s perspective.

Similarly, the transition matrices Tu.ai, bj/ and
Tf .ai, bj/ can be obtained as their counterparts in the pre-
vious subsection. The overall transition matrix Q for Case
2 with the standby channel can be obtained in the same
way as defined in (7)–(11).

5.2.2. Optimization formulation.

The scheduling problem in Case 2 with the standby
channel can be similarly formulated as that defined in (16).

The immediate cost functions in Case 2 with the standby

channel are denoted by F
a1,bj

.l,d,g,h,u,w/ and F
a2,bj

.l,d,g,h,u,w/ for
actions “run” and “defer,” respectively. Compared with the
definitions of immediate cost functions given in the previ-
ous subsection, the channel accessing cost F.bj/ should be

included in both F
a1,bj

.l,d,g,h,u,w/ and F
a2,bj

.l,d,g,h,u,w/. Apart from

that, in F
a1,bj

.l,d,g,h,u,w/, the average power price Fave is applied
when u D 0 and w D 0 (i.e., the default channel is chosen
to be accessed, but it is unavailable). F.bj/ is incurred by
the action bj. If bj is to access the default channel, then the
accessing cost is equal to 0. Otherwise, the accessing cost
is larger than 0.

Again as in the previous subsection, the pseudo-
optimal policy f.a�i .1/, b�j .1//, .a�i .2/, b�j .2//, : : : ,
.a�i .T/, b�j .T//g in Case 2 with the standby channel can
be obtained.

To calculate the actual total cost and the actual imme-
diate cost functions, QF

a1,bj

.l,d,g,h,u,w/ and QF
a2,bj

.l,d,g,h,u,w/ should

be applied. QF
a1,bj

.l,d,g,h,u,w/ is similar to F
a1,bj

.l,d,g,h,u,w/ but with

Fave being substituted by Fg. QF
a2,bj

.l,d,g,h,u,w/ is the same as

F
a2,bj

.l,d,g,h,u,w/.
The transition matrix Q should also be modified by using

the actual transition probabilities in P instead of the tran-
sition probabilities of the identity matrix (i.e., Ip). That is,
the elements of matrix J defined in (23) becomes

J.g,u,w/.g0,u0,w0/.ai, bj/ D

�
P.g, g0/C.w, w0/, j D u0

0, otherwise
(24)

The actual total cost in Case 2 with the standby channel
can be obtained as in (20).

6. CASE 3: IMPERFECT DEFAULT
CHANNEL WITH PARTIALLY
OBSERVABLE MARKOV
DECISION PROCESS

The default channel is still not perfect. However, different
from Case 2, the scheduler in Case 3 makes its deci-
sion on the operation of the deferrable load based on its
belief of the price level. The belief is updated in each
time slot according to the scheduler’s observation. In this
case, first, we solve the scheduling problem using POMDP
without the standby channel. Then the standby channel is
incorporated in the optimization.
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6.1. Without the standby channel

To solve the problem of incomplete power price informa-
tion, the POMDP method is applied. The POMDP formula-
tion for the deferrable load scheduling without the standby
channel can be formulated with < S,A,Q,O,F >. S is
the same system state space as that defined in (18) for Case
2 without the standby channel. A is the same action space
as that in Case 1. Q is the transition probability matrix. O is
the observation model in POMDP. F is the immediate cost.
We first provide the definition of the transition probability
matrix Q.

6.1.1. Definition of transition matrix.

Again, the matrices Su.a/ and Sf .a/ for the transition of
stage h and wait state d are defined the same as those in
Case 1, where a can be either “run” or “defer” action. Let J
denote the probability matrix for the transition of the price
level g and the default channel state w. The matrix J can be
obtained as follows:

J D C˝ P (25)

By applying the POMDP method, a belief probability vec-
tor will be used to infer the actual state in the current
time slot. The uncertainty of price level is modeled by the
belief vector. Hence, different from (19), in (25), the tran-
sition probability J is obtained on the basis of complete
information. As a result, the price transition matrix P is
always applied.

Then, following the same procedures performed in Case
2, the overall transition matrix Q.a/ without the standby
channel can be obtained.

6.1.2. Observation model.

One of the most important components in POMDP is
the observation model. The reason is that in POMDP, the
belief probability vector used to infer the actual state in
each time slot is updated according to the observations. The
observation model O includes the set of observation results
and the observation probabilities. The set of observation
results without the standby channel is defined as follows:

� D f0, 1, : : : , gm, øg (26)

where � denotes the observation regarding the price level.
� D gm represents that the highest price level is observed.
� D ø represents that the price level is not observable to
the scheduler.

When action a is taken and the composite state transits
to state j (i.e., j 2 S), the probability of observing � can be
obtained as follows:

Oa
j,� D

8<
:

1, w D 1, � D g
1, w D 0, � D ø
0, otherwise

(27)

where g and w are substates in the composite state j. The
first condition in (27) corresponds to the case that if the
default channel is available, the price level in state j is
observable. Otherwise, the price level cannot be observed.

6.1.3. Optimization formulation.

Based on POMDP, the deferrable load scheduling prob-
lem without the standby channel can be formulated as
follows [30]:

V�t .�/Dmin
a

2
4X

i

�i

0
@Fa

i C
X
j,�

qa
i,jO

a
j,�V�tC1.ƒ.�ja, �//

1
A
3
5

i, j 2 S, � 2 ‚
(28)

where i and j are the system states in the current and next
time slots, respectively. � is the observation obtained by the
scheduler at the beginning of the .t C 1/th time slot when
action a is taken in the tth time slot.� D f�1,�2, : : : ,�Ng

is the belief probability vector, where N D jSj. Each ele-
ment �i represents the belief probability that the system
state is i in the current time slot. In (28), V�t .˝/ repre-
sents the optimal cost function of the current time slot.
Because the actual state is unobservable, the belief prob-
ability �i is used to weigh the cost function of each state
in the current time slot. The cost function of each state in
the current time slot consists of the immediate cost Fa

i and
the optimal cost function of the next time slot. Because the
uncertainty of the price level is modeled by the belief vec-
tor, the immediate cost Fa

i can be defined on the basis of
the complete information. This is the same as that in Case
1. Note that the substate w will not influence the definition
of Fa

i .
ƒ.�ja, �/ is the update function for the belief prob-

ability vector. As we explained previously, because the
scheduler cannot know the actual price level, the belief
probability vector is used to make the estimation. The
update of the belief probability vector depends on the
observation obtained by the scheduler. For a certain state
j 2 S, applying the Bayes’s rule, the update function
ƒ.�ja, �/ can be given as follows:

� 0j D
Oa

j,�

P
n �nqa

n,jP
n �n

P
m qa

n,mOa
m,�

(29)

where � 0j is the belief probability of the system that is
in state j in the next time slot. The optimal cost func-
tion V�t .�/ is a function of the belief probability vector.
The belief probability vector depends on the observations.
As a result, in (28), the belief probabilities, the transition
probability, and the observation probabilities are used to
weigh the optimal cost function in the next time slot (i.e.,
V�tC1.ƒ.�ja, �//). The purpose of the problem formula-
tion in (28) is to solve for the optimal action, which can
minimize the cost function V�t .�/ of the tth time slot when
the belief probability vector in the tth time slot is �. How-
ever, because the belief probability vector depends on the
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observations, the traditional value iteration algorithm can-
not be used to solve the POMDP problem. Nevertheless,
because the optimal cost function of each time slot is piece-
wise linear and convex [30], it can be written as the sum of
several weighted vectors. Hence, the idea of value iteration
can still be used. More detailed explanation for solving the
POMDP problem can be found in [30]. We apply the algo-
rithm proposed in [31] to solve the POMDP for deferrable
load scheduling with the imperfect default channel.

6.2. With the standby channel

When the scheduler can choose either the default channel
or the standby channel to access, the state space is the same
as that defined in (21) for Case 2 with the standby channel.
The action space A is the same as that defined in (22).

6.2.1. Definition of the transition matrix.

The matrices Su.ai, bj/ and Sf .ai, bj/ for the transition
of stage h and wait state d are obtained the same as those
in Section 5.2. Let J denote the probability matrix for the
transition of the states g, u, and w. The elements of matrix
J can be obtained as follows:

J.g,u,w/.g0,u0,w0/.ai, bj/ D

�
P.g, g0/C.w, w0/, j D u0,
0, otherwise

(30)
The meaning of each condition in (30) is similar to
that explained in the previous subsection and that in
Section 5.2.

Then following the same procedures performed in the
previous sections, the overall transition matrix Q.ai, bj/ in
Case 3 with the standby channel can be obtained, where
ai 2 A and bj 2 B.

6.2.2. Observation model.

The set of observation results is the same as that in the
previous subsection. However, in Case 3 with the standby
channel, the scheduler can always observe the price level
if the standby channel is accessed. Hence, the definition of
observation probability should be modified.

To avoid the conflict of notations, let a denote the
“run” or “defer” action, and let b� denote the action of
choosing the default channel (	 D 0) or the standby chan-
nel (	 D 1). When actions a and b� are taken, if the
composite system state transits to state j, where j 2 S, the
probability of observing � can be obtained as follows:

O
a ,b�
j,� D

8<
:

1, u D 1, � D g
1, u D 0, ..w D 0, � D ø/ OR .w D 1, � D g//
0, otherwise

(31)
The first condition in (31) corresponds to the case that if the
standby channel is accessed, the price level is observable
(i.e., � D g). The second condition in (31) corresponds
to the case that if the default channel is accessed, the
price level is only observable when the default channel
is available.

6.2.3. Optimization formulation.

In Case 3 with the standby channel, the POMDP
deferrable load scheduling can be formulated the same as
in (28).

� The modified transition matrix Q and the observation
probability O

a ,b�
j,� , which incorporate the standby

channel as defined in (31), will be applied to obtain
V�t .�/ in (28).

� The immediate cost functions are the same as
QF

a1,bj

.l,d,g,h,u,w/ and QF
a2,bj

.l,d,g,h,u,w/ defined in Section 5.2.
This is because the uncertainty is modeled by the
belief probability vector. Therefore, the actual power
price Fg is always applied.

� The update function of the belief probability vector
� 0j defined in (29) should use the modified transition
probabilities and observation probabilities.

Then the POMDP-based scheduling problem in Case 3
with the standby channel can be solved.

7. PERFORMANCE EVALUATION

7.1. Parameter setting

In the simulation, we consider a deferrable load with three
stages, which can be deferred for two time slots in each
stage. The scheduler can have four jobs waiting in the
queue. When the load is in operation, for simplicity, it is
assumed that the load will consume the equal amount of
power (e.g., 1 kWh) in all the stages. Here, we consider
three price levels: low, moderate, and high, which have the
prices of 2, 5, and 10 cents/kWh, respectively.

To balance the objectives of saving power consumption
cost and running as many jobs as possible, the cost of each
deferment is set to be 4.45. It is a penalty cost for the defer-
ment action. The cost of dropping a job due to lack of space
in a queue is set to be 0.75. The state transition probabil-
ities of the default channel are set to be f˛ D 0.5,ˇ D
0.5g. As described in the system model in Section 3, the
default channel is a licensed channel that is opportunis-
tically accessed by the smart meter. The standby channel
is assumed to be always available. The access prices of
the default channel and the standby channel are set to be
0 and 0.35, respectively (i.e., the default channel is free
to access).

7.2. Numerical results

7.2.1. Convergence of the average cost without

the standby channel.

The convergence of the average costs in Cases 1, 2,
and 3 without the standby channel is shown in Figure 3.
From Figure 3, we observe that the proposed POMDP-
based scheduling algorithm (i.e., Case 3) achieves a much
better performance than that of the traditional scheduling
algorithm used in Case 2. The average cost in Case 2 is
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Figure 3. Average costs in three cases without standby channel
and “always run” and “always defer” policies.

the worst among three scheduling schemes. The reason is
that the average price level will result in a severely subop-
timal scheduling policy, incurring the highest cost. In Case
1, because the default channel is perfect, the average cost
is the lowest among the three scheduling schemes.

In Case 3 of Figure 3, the belief probability vector for
inferring the actual price level is updated per time slot on
the basis of the observation obtained by the scheduler. The
belief probability vector helps the scheduler to estimate the
actual price level more accurately. As a result, this infor-
mation helps to achieve the average cost close to that from
Case 1, and hence, in Case 3, a better performance can be
obtained compared with that obtained in Case 2. Further-
more, the cases that the deferrable load “always runs” and
“always defers” are also considered for comparison. The
“always run” policy means that as long as the queue of
jobs is not empty, the scheduler will run the load in every
time slot. On the other hand, in the “always defer” policy,
as long as the deferment limit is not reached, the scheduler
will postpone the operation of the load in every time slot.
From Figure 3, we can observe that the average cost of the
“always run” policy is higher than that obtained in Case 2
and that obtained for “always defer” policy. Because there
is no scheduling in the “always run” strategy, the load is run
even though the power price is still high. The average cost
of the “always defer” policy is higher than that obtained in
Case 2. This is due to the deferment penalty cost incurred
from the “always defer” policy.

7.2.2. Impact of standby channel.

We evaluate the benefit of having the standby channel
for the scheduler. Without the standby channel, the average
costs in Cases 2 and 3 shown in Figure 4 are higher than
those of their counterparts with the standby channel. The
reason is that the availability of the default channel is lower
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Figure 4. Average costs in three cases without and with the
standby channel.

than that of the standby channel. If there is no standby
channel, then the probability that the scheduler loses con-
nection with the NAN will be much higher. Again, using
only the average price level when there is no standby chan-
nel will deteriorate the average cost compared with that of
the standby channel. Although the average price level is
not used in Case 3, the low availability of the default chan-
nel will still degrade the scheduler’s belief on the actual
price level. Again, in Case 1, because the default channel
is perfect, the average cost is the lowest.

Then, we investigate the impact of the standby chan-
nel’s access price on the scheduling performance. Figure 5
(a) shows that as the access price of the standby channel
increases, the average cost per time slot in Case 2 with
standby channel will increase. Because the access price
will not affect the performance of Case 2 without standby
channel, its average cost per time slot is the same for
different access prices. Misled by the average price, the
scheduling policy obtained in Case 2 is not optimal, which
causes the average cost in Case 2 with standby channel
becomes higher than that of Case 2 without standby chan-
nel when the access price is larger than 0.42 as shown in
Figure 5 (a). Figure 5 (b) shows the impact of access price
on the scheduling performance of Case 3 with standby
channel. As the access price increases, it will become less
economical for the smart meter to access the standby chan-
nel. This is from the fact that the additional cost incurred
by accessing the standby channel increases faster than the
improvement of scheduling gain obtained from a better
scheduling policy because of more accurate price infor-
mation received from the standby channel. Therefore, as
the access price increases, the smart meter becomes less
inclinable to access the standby channel. As a result, the
scheduling policy and the average cost in Case 3 with
standby channel approach those of Case 3 without standby
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Figure 5. Impact of the standby channel’s access price on (a) scheduling performance of Case 2 and (b) scheduling performance of
Case 3.

channel. Unlike Case 2, in Case 3, the scheduler is not
misled by the average price. Hence, instead of increasing
higher than that of Case 3 without standby channel, the
average cost of Case 3 with standby channel merges to its
counterpart without standby channel when the access price
is larger than 0.56.

7.2.3. Impact of arrival probability.

We vary the values of some parameters and observe
their impacts on the performances of different scheduling
approaches. First, let the job arrival probability � increase
from 0.6 to 1. Figure 6 shows that as the job arrival prob-
ability increases, the average cost per time slot when the
horizon length is 50 will increase. This is from the fact
that as the job arrival probability increases, the load will
be more occupied and the scheduler has to run more fre-
quently. As a result, the power consumption cost will
increase. Moreover, as the job arrival probability increases,
the queue used for buffering the jobs has a higher chance
to be full. As a result, the number of dropped jobs will
increase, increasing the job dropping cost. Again, from
Figure 6, it is observed that if the scheduler can choose the
standby channel to access (i.e., dashed lines in Figure 6),
the costs in Cases 2 and 3 will be lower than those of their
counterparts without the standby channel (i.e., solid lines
in Figure 6). The average costs obtained for the “always
defer” and “always run” policies are larger than those
obtained for the other cases. Note that the average cost of
the “always run” policy is the highest and far higher than
those of the other policies. Therefore, it is omitted from
Figure 6 for ease of presentation.

7.2.4. Impact of deferment limit.

Let the deferment limit dm increase from 1 to 5. Figure 7
shows that as the deferment limit increases, the average
cost will decrease. The deferment limit is the maximum
number of time slots for which the operation of the load
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Figure 6. Impact of job arrival probability on the average cost in
three cases without and with the standby channel.

is allowed to be postponed in each stage. As the defer-
ment limit increases, the scheduler has more flexibility to
instruct the operation of the load. As a result, the sched-
uler can avoid running the load when the power price is
high and wait for the lower power price in the future time
slots. It is also observed from Figure 7 that if the scheduler
can select the standby channel to access, for each defer-
ment limit setting, the costs in Cases 2 and 3 will be lower
than those of their counterparts without the standby chan-
nel. The average cost of the “always defer” policy also
decreases as the deferment limit increases. When the defer-
ment limit is 1, the average cost in Case 2 without the
standby channel is little higher than that of the “always
defer” policy. The reason is that when the deferment limit
is 1, the scheduler has small flexibility. As a result, the load
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Figure 7. Impact of deferment limit on the average cost in three
cases without and with the standby channel.
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Figure 8. Impact of the number of stages on the average cost
in three cases without and with the standby channel.

has to run even though the power price is high. Besides, the
average cost obtained in Case 2 is further deteriorated by
the incomplete power price information. Again, the aver-
age cost of the “always run” policy is far higher than that
of others and hence is not shown.

7.2.5. Impact of varied numbers of stages.

Finally, let the number of stages increase from 1 to 5.
Figure 8 shows that as the number of stages increases,
the average cost will increase. In each time slot, only one
stage of the load can be finished. As the number of stages
increases, the number of time slots required to finish all the
stages will also increase. As a result, the power consump-

tion cost will be higher. Besides, because a job needs more
time slots to be finished, the probability that the queue is
full will increase. Consequently, the job dropping cost will
also increase. Again, in Figure 8, the average costs from
Cases 2 and 3 with the standby channel are better than
those of their counterparts without the standby channel.
The average costs of the “always run” and “always defer”
policies also increase as the number of stages increases.

8. CONCLUSION

We have studied the deferrable load scheduling problem
under perfect and imperfect data communication channels.
Then, we have extended our consideration to the cases
when the standby alternative channel can also be used to
improve the reliability of power price information trans-
fer. The MDP and POMDP models have been formulated
to obtain the scheduling policies. As expected, with the
perfect communication channel, the cost of operating the
deferrable load is the lowest. Also, using POMDP-based
scheduling algorithm, the average cost can be reduced
compared with that when only the coarse information (i.e.,
average power price) is used. We have also observed that
the extra cost caused by the incomplete power price infor-
mation can be reduced by about 34% if the POMDP-based
scheduling algorithm is applied. To this end, if the standby
channel is used, the extra cost can be further reduced.

For the future work, the assessment of data com-
munication unavailability will be extended for other
applications in smart grid (e.g., plug-in hybrid electric
vehicle charging).
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