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Abstract

Advances in the computer technology encouraged the
avionics industry to replace the federated design of con-
trol units with an integrated suite of control modules that
share the computing resources. The new approach, which
is called integrated modular avionics (IMA), can achieve
substantial cost reduction in the development, operation
and maintenance of airplanes. A set of guidelines has
been developed by the avionics industry to facilitate the de-
velopment and certification of integrated systems. Among
them, a software architecture is recommended to address
real-time and fault-tolerance requirements. According to
the architecture, applications are classified into partitions
supervised by an operating system executive. A general-
purpose application/executive (APEX) interface is defined,
which identifies the minimum functionality provided to the
application software of an IMA system. To support the tem-
poral partitioning between applications, APEX interface
requires a deterministic cyclic scheduling of partitions at
the O/S level and a fixed priority scheduling among pro-
cesses within each partition. In this paper, we propose a
scheduling scheme for partitions in APEX. The scheme de-
termines the frequency that each partition must be invoked
and the assignment of processor capacity on every invoca-
tion. Then, a cyclic schedule at the O/S level can be con-
structed and all processes within each partition can meet
their deadline requirements.

1. Introduction

Advancements in technology have enabled the avionics
industry to develop new design concepts, which result in
highly integrated software-controlled digital avionics. The
new approach, referred to as Integrated Modular Avion-
ics (IMA), introduces methods that can achieve high lev-

els of reusability and cost effectiveness compared to the
existing federated implementations of avionics [2]. The
IMA approach, based on the concept of partitioning, utilizes
standardized modules in building functional components of
avionics systems. While integration enables resource shar-
ing, some boundaries need to be enforced to maintain sys-
tem predictability and to prevent bringing down the whole
system because of a failure of a single function, either due
to generic faults or due to missed deadlines.

Failure containment is very crucial for the integrated
environment to guarantee that a faulty component cannot
cause other components to fail and to risk generating a to-
tal system failure. For instance, in a passage jet, a miss of
task deadlines in the entertainment subsystem must not neg-
atively influence any critical flight control subsystems such
as the flight manager. An IMA system is called strongly
partitioned if the boundaries between the integrated func-
tions are clearly defined so that a faulty function cannot
interfere with or cause a failure in any other functions.
Strong functional partitioning facilitates integration, valida-
tion, and certification. Following the IMA guidelines, the
cost of both development and maintenance is expected to
decrease because of mass production of the building blocks,
lower levels of spares, and reduced certification costs.

A software architecture is recommended among the IMA
guidelines to address real-time and fault-tolerance con-
straints for the integrated environment [4]. In the archi-
tecture, applications are classified into partitions supervised
by an operating system executive. Within each partition,
a partition executive manages application tasks and intra-
partition task communication. To communicate across par-
tition boundaries, a message mechanism provided by the
operating system executive must be invoked. The operating
system executive manages processor sharing among parti-
tions. A general-purpose application/executive (APEX) in-
terface is defined in [4], which identifies the minimum func-
tionality provided to the application software of an IMA



system. To support the temporal partitioning between ap-
plications, APEX interface requires a deterministic cyclic
scheduling of partitions at the operating system level and a
fixed priority scheduling among tasks within each partition.
Thus, the tasks in one partition can only be executed during
the fixed partition window allocated to the partition and a
task overrun cannot cross the partition window boundaries.
This scheduling approach not only restrains a task failure
within the partition, but also facilitates system upgrade and
the integration of additional functions without the need to
reconfigure the whole system.

Apparently, task execution in each application partition
is affected by the two-level scheduling structure of APEX
that consists of a low-level cyclic schedule at the operat-
ing system level and a high level fixed priority schedule at
partition executive level. A different two-level hierarchi-
cal scheduling scheme was proposed by Deng and Liu in
[7]. The scheme allows real- time applications to share re-
sources in an open environment. The scheduling structure
has an earliest-deadline-first (EDF) scheduling at the oper-
ating system level. The second level scheduling within each
application can be either time-driven or priority-driven. For
acceptance test and admission of a new application, the
scheme analyzes the application schedulability at a slow
processor. Then, the server size is determined and server
deadline of the job at the head of ready queue is set at run-
time. Since the scheme does not rely on fixed allocation
of processor time or fine-grain time slicing, it can support
various types of applications, such as release time jitters,
non-predictable scheduling instances, and stringent timing
requirements.

In this paper, we are looking into the single processor
scheduling issues for partitions in APEX environment. In
[6], Audsley and Wellings discussed the characteristics of
avionics applications under the APEX interface. They pro-
vide a recurrent solution to analyze task response time in an
application domain and show that there is a potential for a
large amount of release jitter. However, the paper does not
address the issues of constructing cyclic schedules at the
operating system level. To remedy the problem, our first
step is to establish scheduling requirements for the lower
level cyclic schedules such that task schedulability under
the given high level fixed priority schedules in each parti-
tion can be ensured. The approach we adopt is similar to
the one in [7] of comparing the task execution in APEX en-
vironment with that at a slow processor. The cyclic schedule
then tries to allocate partition execution intervals by steal-
ing task inactivity periods. This stealing approach resem-
bles the slack stealer for scheduling soft-aperiodic tasks in
fixed priority systems [9]. Once the schedulability require-
ments are obtained, suitable cyclic schedules can be con-
structed. Following the partitioning concept of IMA, the
operating system level cyclic schedule is flexible to support
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Figure 1. APEX software architecture

system upgrade and integration. It is designed in a way that
no complete revision of scheduling algorithms is required
when the workload or application tasks in one partition are
modified.

In the following section, we give a brief overview of the
APEX software architecture on which applications are exe-
cuted in separate partitions. In Section 3, we focus on the
two-level scheduling mechanism and give the main theorem
on the schedulability requirements. A numerical example is
presented to illustrate the schedulability requirements with
respect to various task characteristics. Then, in the same
section, we show how to use the requirements to construct
the cyclic schedules in the operating system level. Finally,
a short conclusion follows in Section 4.

2. APEX Architecture: An Overview

As shown in Figure 1, the IMA software architecture
consists of hardware interface system, operating system,
and application software [4]. The hardware interface system
is comprised of device driver, interrupt handler, memory
management unit, and context switch function. Combin-
ing with the hardware in a cabinet, they form a core module
to support operating system and application execution via
the COEX (core-executive) interface. The operating system
executive implements a set of services defined in the APEX
(application-executive) interface such that application soft-
ware can use the system resource and control the scheduling
and communication between its internal processing tasks.

One of the objectives to be achieved with the APEX in-
terface is portability. With the standardized APEX inter-
face, application software can be developed without regard
to hardware implementations and configurations. Also, a
hardware change can be transparent to application software.
The other important objective is to set up an execution en-
vironment such that the applications of multiple criticalities
can be integrated. This requires a robust partition such that



an application cannot affect any other applications in terms
of the content in their address spaces and the allocated exe-
cution times.

In order to support the spatial partition between appli-
cations, the tasks of an application are running in a prede-
termined area of memory. Any memory accesses (at least,
write access) outside of a partition’s defined area are prohib-
ited by memory management unit. For temporal partition,
the operating system maintains a major time frame during
which each partition is activated in one or more scheduled
partition windows. In other word, through a predefined con-
figuration table of partition windows, the APEX impose a
cyclic scheduling to ensure that each partition receives an
fixed amount of processing time. This arrangement of a
cyclic schedule can also allow message-driven executions.
The IMA architecture assumes the existence of the AR-
INC 659 backplane bus [3] and the ARINC 629 data bus
[1] for communications between core modules in a cabinet
and between cabinets. Since both buses provide periodic
message windows, message transmissions and partition ac-
tivation windows can be synchronized to reduce end-to-end
delays.

Within each application partition, the basic execution
unit is a process or task. Tasks in a partition share the re-
sources allocated to the partition and can be executed con-
currently with other tasks of the same partition. A task com-
prises the executable program, data and stack areas, process
state, and entry point. Its attributes also include base and
current priorities, time capacity, and deadline. The schedul-
ing algorithm within each partition is based on priority pre-
emption. When the operating system determines to initiate
a new partition window according to it cyclic schedule, the
executing task in the old partition window is preempted. On
the other hand, in the newly activated partition, the ready
task with the highest current priority among those in the
partition is selected to run. In addition, the operating system
provides messaging mechanisms for inter-partition commu-
nication, and time management mechanisms to release pe-
riodic tasks and to detect missed deadlines.

3. Partition Scheduling in APEX Architecture

In this section, we consider the scheduling requirements
for a partition server,Sk, which executes the tasks of an
application partitionAk according to a fixed priority pre-
emptive scheduling algorithm and shares the processing ca-
pacity with other partition servers in the operating system
level. Let the applicationAk consist of�1; �2; : : : ; �n tasks
. Each task�i is invoked periodically with a periodTi and
takes a worst-case execution time (WCET)Ci. Thus, the
total processor utilization demanded by the application is
�k =

Pn
i=1

Ci

Ti
. Also, upon each invocation, the task�i

must be completed before its deadline periodDi, where

1τ 2τ 3τ 1τ 1τ 1τ2τ 2τ 2τ3τ idle
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Figure 2. Task/partition scheduling in APEX

Ci � Di � Ti.
At the system level, the partition serverSk is scheduled

periodically with a fixed period. We denote this period as
thepartition cycle, �k. For each partition cycle, the server
can execute the tasks inAk during an interval�k�k where
�k � 1 and is calledpartition capacity. For the remain-
ing interval of(1 � �k)�k, the server is blocked. It is our
objective to find a pair of parameters�k and�k such that
the tasks ofAk meet their deadlines. In Figure 2, we show
an example execution sequence of a partition that consists
of three tasks. During each partition cycle, the tasks are
scheduled to be executed for a period of�k�k. If there is no
active task in the partition, the processor is idle and cannot
run any active tasks from other partitions.

3.1. Partition Schedulability Requirements

As required in the APEX specification [4], the processes
(or tasks) of each partition are running under a fixed prior-
ity preemptive scheduling. Suppose that there aren tasks
in Ak listed in priority ordering�1 < �2 < � � � < �n
where�1 has the highest priority and�n is the lowest. In
order to evaluate the schedulability of the partition server
Sk, let’s consider the case thatAk is executed at a dedicated
processor of speed�k, normalized with respect to the pro-
cessing speed ofSk. Based on the necessary and sufficient
condition of schedulability in [10, 8], task�i is schedula-
ble if there exists at 2 Hi = flTj jj = 1; 2; : : : ; i; l =
1; 2; : : : ; bDi=Tjcg [ fDig, such that

Wi(�k; t) =

iX

j=1

Cj

�k
d
t

Tj
e � t:

The expressionWi(�k; t) indicates the worst cumulative
execution demand on the processor made by the tasks with
a priority higher than and equal to�i during the interval
[0; t]. We now defineBi(�k) = maxt2Hi

ft �Wi(�k; t)g
andB0(�k) = mini=1;2;:::;nBi(�k). Note that, when�i is
schedulable,Bi(�k) represent the total period in the inter-
val [0; Di] that the processor is not running any tasks with a
priority higher than or equal to that of�i. It is equivalent to
the level-i inactivity period in the interval[0; Di] [9].

By comparing the task executions at serverSk and at a
dedicated processor of speed�k, we can obtain the follow-
ing theorem:



Theorem 1 The applicationAk is schedulable at serverSk
that is with a partition cycle�k and a partition capacity�k,
if

a) Ak is schedulable at a dedicated processor of speed
�k, and

b) �k � B0(�k)=(1� �k)

Proof: The task execution at serverSk can be mod-
eled by tasks�1; �2; : : : ; �n of Ak and an extra task�0
that is invoked every period�k and has an execution time
C0 = (1 � �k)�k . The extra task�0 is assigned with the
highest priority and can preempt other tasks. We need to
show that, given the two conditions, any task�i of Ak can
meet its deadline even if there are preemptions caused by
the invocations of task�0. According to the schedulability
analysis in [10, 8], task�i is schedulable at serverSk if there
is at 2 Hi [Gi, such that

iX

j=1

Cjd
t

Tj
e+ C0d

t

�k
e � t

, whereGi = fl�kjl = 1; 2; : : : ; bDi=�kcg.
If �i is schedulable on a processor of speed�k, there

exists at�i 2 Hi such thatBi(�k) = t�i �Wi(�k; t
�

i ) �
B0(�k) � 0 for all i = 1; 2; : : : ; n. Note thatWi(�k ; ti) is
a non-decreasing function ofti. Assume thatt�i = m�k+Æ,
whereÆ < �k. If Æ � B0(�k),

iX

j=1

Cjd
t�i
Tj

e+ C0d
t�i
�k

e = �kWi(�k; t
�

i ) + (m+ 1)C0

� �k(t
�

i �B0(�k)) + (m+ 1)C0

= �k(t
�

i �B0(�k)) + (m+ 1)(1� �k)�k

� �k(t
�

i �B0(�k)) + (1� �k)(t
�

i � Æ) +B0(�k)

= t�i + (1� �k)(B0(�k)� Æ)

� t�i

The above inequality implies that all tasks�i are schedu-
lable at serverSk. On the other hand, ifÆ < B0(�k), then,
at t

0

i = m�k < t�i , we have

iX

j=1

Cjd
t
0

i

Tj
e+ C0d

t
0

i

�k
e � �k(t

�

i �B0(�)) +mC0

� �k(t
�

i � Æ) +m(1� �k)�k

= �kt
0

i + (1� �k)t
0

i

= t
0

i

Sincet
0

i 2 Gi, the applicationAk is schedulable at server
Sk. 2

When we compare the execution sequences at serverSk
and at the dedicated processor, we can observe that, at the
end of each partition cycle,Sk has put the same amount of
processing capacity to run the application tasks as the ded-
icated processor. However, if the tasks are running at the
dedicated processor, they are not blocked and can be com-
pleted earlier within each partition cycle. Thus, we need an
additional constraint to bound the delay of task completion
at serverSk. This bound is set by the second condition of
the Theorem and is equal to the minimum inactivity period
before each task’s deadline.

An immediate extension of Theorem 1 is to include the
possible blocking delay due to synchronization and operat-
ing system overheads. Assume that the tasks in the parti-
tion adopt a priority ceiling protocol to access shared ob-
jects [12]. The blocking time is bounded to the longest
critical section in the partition that accesses the shared ob-
jects. Similarly, additional delays caused by the operating
system level can be considered. For instance, the partition
may be invoked later than the scheduled moments since the
proceeding partition just enters an O/S critical section. In
this case, we can use the longest critical section in the op-
erating system level to bound this scheduling delay. These
delay bounds can be easily included into the computation of
Wi(�k; ti).

3.2. A Scheduling Example

Theorem 1 provides a solution to determine how fre-
quent a partition server must be scheduling at the O/S level
and how much processor capacity it should use during its
partition cycle. It is easy to see thatB0(�k) and �k are
increasing functions of�k. This implies that if more pro-
cessor capacity is assigned to a partition during its partition
period, the tasks can still meet their deadlines even if the
partition cycle increases. To illustrate the result of Theorem
1, we consider an example in Table 1 in where four applica-
tion partitions are allocated in a core module. Each partition
consists of several periodic tasks and the corresponding pa-
rameters of(Ci; Ti) are listed in the Table. Tasks are set
to have deadlines equal to their periods and are scheduled
within each partition according to a rate-monotonic algo-
rithm [11]. The processor utilization demanded by the 4
partitions,�k, are 0.25, 0.15, 0.27, and 0.03, respectively.

Following Theorem 1, the minimum level-i inactivity
period is calculated for each partition and for a given ca-
pacity assignment�k, i.e., B0(�k) = minimaxt2Hi

(t �Pi
j=1

Cj

�k
d t
Tj
e). The resulting inactivity periods are plot-

ted in Figure 3 for the four partitions. It is easy to see that,
when�k is slightly larger than the processor utilization, the
tasks with a low priority (and a long period) just meet their
deadlines, and thus have a small inactivity period. On the
other hand, when� is much larger than the processor uti-



Partition 1 Partition 2 Partition 3 Partition 4
(util.=0.25) (util.=0.15) (util.=0.27) (util.=0.03)

tasks (4,100) (2,50) (7,80) (1,80)
(Ci; Ti) (9,120) (1,70) (9,100) (2,120)

(7,150) (8,110) (16,170)
(15,250) (4,150)
(10,320)

Table 1. Task parameters for the example par-
titions
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Figure 3. Inactivity periods of the exmple par-
titions

lization of the partition, the inactivity period is bounded to
the smallest task period in each partition. This is due to
the fact that the tasks with a short period cannot accumulate
more inactivity period before their deadlines. The curves in
the figure also show that an increase of�k after the knees
wouldn’t make the inactivity periods significantly longer.

In Figure 4, the maximum partition cycles are depicted
with respect to the assigned capacity�k. If the points below
the curve are chosen to set up cyclic scheduling parameters
for each partition at O/S level, then the tasks in the partition
are guaranteed to meet their deadlines. For instance, the
curve for partition 2 indicates that, if the partition receives
28% of processor capacity, then its tasks are schedulable as
long as its partition cycle is less than or equal to 59 time
units. Note that the maximum partition cycles increase as
we assign more capacity to each partition. This increase is
governed by the accumulation of inactivity period when�k
is small. Then, the growth follows by a factor of1=(1��k)
for a larger�k.

Figure 4 suggests possible selections of(�k; �k) for the 4
partitions subject to a total assignment of processor capacity
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Figure 4. The maximum partition cycles for
different processor capacity assignments

not greater than 1. From the Figure, a feasible assignment
for (�k; �k) is (0.32, 36), (0.28, 59), (0.34, 28), and (0.06,
57), respectively. In the following subsection, we shall dis-
cuss the approaches of using the feasible pairs of(�k; �k)
to construct cyclic schedules in the APEX O/S level.

To reveal the properties of the parameters(�k ; �k) under
different task characteristics, we present two evaluations on
the task set of Partition 1 in Table 1. We first alter the task
deadlines such thatDi is equal to1:0Ti; 0:8Ti; 0:6Ti; and
0:4Ti for all tasks. The tasks are then scheduled accord-
ing to the deadline monotonic algorithm within the parti-
tion [5]. The maximum partition cycles are plotted in Fig-
ure 5. As the deadlines become tighter, the curves shift to
the low-right corner. This change suggests that either the
partition must be invoked more frequently or should be as-
signed with more processor capacity. For instance, if we fix
the partition cycle at 56 time units and reduce the task dead-
lines from1:0Ti to 0:4Ti, then the processor capacity must
be increased from 0.34 to 0.56 to guarantee the schedula-
bility. The result of demanding more processor capacity for
tasks with tight deadlines is similar to the channel band-
width reservation for real-time messages in ATM network.
If messages of a channel have a tight deadline, a significant
bandwidth must be reserved while the message transmission
is multiplexed with other channels.

The second experiment, shown in Figure 6, concerns
with the partition schedulability under different task exe-
cution times. Assume that we upgrade the avionics cabinets
with a high speed processor. Then, the application parti-
tions are still schedulable even if we allocate a less amount
of processor capacity or extend partition cycles. In Figure 6,
we show the maximum partition cycles for Partition 1 of Ta-
ble 1. By changing task execution times proportionally, the
processor utilizations are set to 0.25, 0.20, 0.15 and 0.1. It
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is interesting to observe the improvement of schedulability
when�k is slightly larger than the required utilization. For
instance, assume that the partition cycle is set to 56. Then,
for the 4 different utilization requirements, the processor ca-
pacities needed for schedulability can be reduced from 0.34,
to 0.28, 0.212, and 0.145, respectively. On the other hand,
once a more than sufficient capacity is assigned to the parti-
tion, the maximum partition cycle is relatively independent
of the processor utilization, and is mainly affected by task
deadlines and periods.

3.3. Cyclic Schedule at the APEX O/S Level

Given the schedulability requirement of(�k; �k) for
each partition serverSk, a cyclic schedule must be con-
structed at the APEX O/S level. Notice that the pair of pa-
rameters(�k; �k) indicates that the partition must receive
an�k amount of processor capacity at least every�k time
units. The execution period allocated to the partition needs
not to be continuous, or to be restricted at any specific in-
stance of a scheduling cycle. This property makes the con-
struction of the cyclic schedule extremely flexible. In the
following, we will use the example in Table 1 to illustrate
two simple approaches.

1. Unique partition cycle approach:In this approach,
the O/S schedules every partition in a cyclic period equal
to the minimum of�k and each partition is allocated an
amount of processor capacity that is proportional to�k. For
instance, in the example of Table 1, a set of feasible assign-
ment of(�k; �k) can be transferred fromf(0.32, 36), (0.28,
59), (0.34, 28), (0.06, 57)g to f(0.32, 28), (0.28, 28), (0.34,
28), (0.06, 28)g. The resulting cyclic schedule is shown in
Figure 7(a) where the O/S invokes each partition every 28
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time units and allocates 8.96, 7.84, 9.52, and 1.68 time units
to partitions 1, 2, 3, and 4, respectively.

2. Harmonic partition cycle approach:When partition
cycles are substantially different, we can adjust them to
form a set of harmonic cycles in which�j is a multiple of
�i, if �i < �j for all i and j. Then, the O/S cyclic sched-
ule runs repeatedly every major cycle which is equal to the
maximum of�k. Each major cycle is further divided into
several minor cycles with a length equal to the minimum of
�k. In Figure 7(b), the cyclic schedule for the example is
illustrated where the set of(�k; �k) is adjusted tof(0.32,
28), (0.28, 56), (0.34, 28), (0.06, 56)g. The major and mi-
nor cycles are 56 and 28 time units, respectively. Note that,
partitions 2 and 4 can be invoked once every major cycle.
However, after the processing intervals for partitions 1 and
3 are assigned in every minor cycle, there doesn’t exist a
continuous processing interval of length 0.28x56 time units
in a major cycle. To schedule the application tasks in par-
tition 2, we can assign an interval of length 0.22x28 in the
first minor cycle and the other interval of length 0.34x28
in the second minor cycle to the partition. This assignment
meets the requirement of allocating 28% of processor ca-
pacity to the partition every 56 time units.

Comparing Figures 7(a) and 7(b), there are a less num-
ber of context switches in the harmonic partition cycle ap-
proach. The reduction could be significant if there are many
partitions with different partition cycles. In such a case, an
optimal approach of constructing a set of harmonic cycles
and assigning processing intervals should be sought in or-
der to minimize the number of context switches. The other
modification we may consider is that, when a partition cycle
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Figure 7. Example cyclic schedules at the O/S
level

is reduced to fit in the cyclic schedule, the originally allo-
cated capacity becomes more than sufficient. We can either
redistribute the extra capacity equally to all partitions or to
keep the same allocation in the partition for future exten-
sions.

In addition to the flexible cycle schedules, the choice of
�k is adaptable as long as the sum of all�k is less than
or equal to 1. The parameter�k must be select to ensure
partition schedulability at a dedicated processor of speed
�k. For instance, if the task set is scheduled according to
a rate monotonic algorithm, we can define a minimum ca-
pacity equal to�k=n(21=n � 1) which guarantees the parti-
tion schedulability. Additional capacity can be assigned to
the partition such that the partition cycle can be prolonged.
In the case that new tasks are added into the partition and
the modified task set is still schedulable with the original
capacity assignment, we may need to change the partition
cycle and construct a new cyclic schedule at the O/S level.
However, as long as the new cyclic schedule is subject to
the requirement of(�k ; �k) for each partition, no change to
other partitions is necessary to ensure their schedulability.

4. Conclusion

The partition scheduling in APEX environment is de-
scribed in this paper. To guarantee the schedulability of
fixed priority algorithms at each partition, the necessary re-
quirements for the cyclic schedule at the operating system
level are established. Represented by partition cycle�k and
partition capacity�k, the requirements can be easily used
to construct flexible cyclic schedules. In addition, as long
as the requirements can be satisfied for a partition, a mod-
ification of the task priority or task characteristics in any
partition does not require a global change of scheduling al-
gorithms.

For simplicity, we exclude several factors that may intro-
duce additional delays to task execution in the derivation of
�k, and�k . As in [6], the factors are listed as task block-
ing delay, partition delay (e.g., due to the critical sections at
the O/S level), task release jitter, and operating system over-
heads (such as interrupt serving, context switch, etc.) Note
that, since blocking delay and release jitter depend upon the

tasks within the partition, their delay effect can be included
in the computation of task inactivity periods and task dead-
lines. At the operating system level, the partition delay can
be deducted from the allocated processor capacity. To count
for the operating system overheads, we can model them as a
linear function of processing interval if the minimum inter-
occurrence time is known. Then, a portion of the allocated
processor capacity can be taken away from each partition.

We are currently extending the proposed scheme to ad-
dress the scheduling issues of multiple processors and data
transmission on the ARINC 659 backplane bus [3] and AR-
INC 629 inter-cabinet network [1]. The task is challenging
as we aim at task and message scheduling to meet the end-
to-end timing requirements of the system. The scheduling
requirements devised in this paper can be used to define a
promising base such that additional scheduling constraints
can be incorporated.
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