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Abstract—Interval Management (IM) is an airborne spacing
concept that provides precise inter-aircraft spacing relative to
another aircraft. The IM concept is currently being developed
by the FAA and in Europe under SESAR through standards
and local implementation plans. The IM system is comprised
of a ground-based component (GIM) and a flight-deck-based
component (FIM). The FIM component involves the use of
avionics, called the FIM equipment, which provides speeds to the
IM aircraft that will achieve and/or maintain a desired spacing
interval relative to a target aircraft. IM operations are expected to
provide benefit in a variety of environments with a wide-range of
operational objectives, where the performance characteristics of
the FIM equipment needed for each IM operation may vary. This
paper presents the concept of Required Interval Management
Performance (RIMP) to be used in the design, management,
and certification of IM operations. RIMP is a categorization
scheme, comprised of four required components-the longitudinal
spacing precision, the accuracy of the IM and target aircraft
state data, the performance of the speed control algorithm in
the environment, and unique functional capabilities. The combi-
nation of these components uniquely identifies the performance
required for a given IM operation. Initial analysis and standards
development has shown that a few discrete performance levels for
each of these components is possible and may sufficiently span the
performance needed to support both near-term and longer-term
IM operations. The analytical methodology used to determine
the RIMP category for an IM operation developed thus far is
presented, and further development is proposed. The analysis
developed to date is applied to two example IM operations,
and direction for future work is provided. Coordination within
the user community to further develop and analyze the RIMP
concept, in the context of a robust set of IM operations, is the
next step.
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I. I NTRODUCTION

Due to projected increases in air traffic over the next
decade, several efforts have been undertaken to improve the
efficiency of the National Airspace System (NAS). Traffic
Flow Management (TFM) concepts that better utilize NAS
resources when controllers are managing traffic flows are
being explored. Time-Based Flow Management, for example,
broadly describes the use of trajectory prediction on the ground
to determine Estimated Times of Arrival (ETAs) and the ability
of aircraft to more precisely fly their trajectories determined
by the Flight Management System (FMS) in order to meet

Scheduled Times of Arrival (STAs) throughout the NAS [1],
[2].

Improving the efficiency of operations in the terminal area
has received particular attention. Reducing the variability of
inter-aircraft spacing in the terminal area leads directlyto
increases in throughput [3], and decision support tools aiding
the controller in sequencing, merging, and spacing aircraft–and
the flight-deck avionics that support the flight crew in the same
tasks–are being explored as a means to provide this reduction
while also reducing controller workload. The division of capa-
bility and responsibility for sequencing, merging, and spacing
tasks between ground-based and flight-deck-based systems,is
an important question and is the topic of past studies [4], [5].
Spacing accuracy is seen to improve when the aircraft are
equipped with avionics that aid in spacing when compared to
controller tools alone.

Research into airborne spacing concepts, which employ the
use of flight-deck avionics to manage the spacing relative to
another aircraft, has been ongoing for several decades. EURO-
CONTROL and NASA Langley Research Center, for exam-
ple, have evaluated airborne spacing concepts for terminal-
area spacing in fast-time simulation environments, human-
in-the-loop studies, and field testing [6]–[9]. Additionally,
United Parcel Service has certified and field tested avionics
for airborne spacing in their arrival operations at Louisville
International Airport [10].

Growing out of this and other past research, the concept
of Interval Management (IM) is currently being developed
by the Federal Aviation Administration (FAA) for near-term
implementation supporting NextGen. Similar plans exist in
Europe under SESAR. IM provides precise timing within the
airborne traffic flow by managing the relative spacing interval
between a target (lead) and an IM (trail) aircraft, and thus
increases the efficiency of a variety of air traffic operations.
The IM system is comprised of an airborne component and
a ground component. The airborne component of IM, Flight-
deck Interval Management (FIM), includes avionics onboard
the IM aircraft, called the FIM equipment, which derives
longitudinal speed guidance that will achieve and/or maintain
a desired spacing interval relative to the target aircraft assigned
by the air traffic controller. A speed control algorithm in the



FIM equipment determines the speeds of the IM aircraft as a
function of IM and target aircraft states (e.g., horizontalpo-
sition, vertical position, and horizontal velocity) and possibly
other information about the environment. The IM aircraft is
defined as being equipped with FIM equipment and, thus, is
capable of participating in IM operations. The ground compo-
nent of IM, Ground-based Interval Management (GIM), makes
use of prediction tools on the ground, as well as the increased
precision provided by FIM, to efficiently manage the spacing
interval between aircraft within multiple environments and
operations. In addition, GIM assists controllers in setting up
the FIM operation by providing speed updates to meter aircraft
to a point where the FIM operation begins. A primary enabler
of the IM concept is the expected widespread deployment of
ADS-B Out and ADS-B In.

The precise spacing made possible by FIM, and managed
by GIM, is expected to enable IM operations with varying
operational goals, such as managing a schedule across sec-
tors, enabling Optimized Profile Descents (OPDs), increasing
throughput to a runway, and metering to a departure fix. IM
operations are unified in concept and procedural design, but
the scope of environments and operational contexts in which
benefits are expected may result in functional performance
characteristics meaning that the needed performance and ca-
pabilities of the FIM equipment will vary across the range
of IM operations. Initial analysis of a set of near-term IM
operations demonstrates that these performance differences
exist [11], and the authors believe that further analysis of
the FIM equipment performance needed to support a broader
set of IM operations will reinforce this variation. As such,a
framework is envisioned to consistently define and characterize
the performance needed across all IM operations.

A categorization scheme is proposed, termed Required In-
terval Management Performance (RIMP), which characterizes
a given operation, enabling the development and management
of IM operations in an airspace with varying operational goals
related to changing operational environments. The RIMP cat-
egory includes the IM tolerance, defined to be the longitudinal
spacing accuracy needed to satisfy operational goals, and the
performance and functional capabilities of the FIM equipment
that ensure that the IM tolerance is met in the operating
environment.

The analysis which determines the RIMP category is seen as
an important ingredient to the establishment of IM operations
in general. It drives FIM equipment requirements, certification
standards, and provides guidance in operational design and
approval. The analysis is currently under development, with
initial results beginning to be established.

In this paper, the methodology and proposals for future
direction and development are presented. The main topic of
the paper, the RIMP concept and associated methodology, is
defined in Section II. The components of the RIMP category
are detailed in Section III, including analyses that have been
developed to date and the proposed methodology for future
analyses. In Section IV, the RIMP concept is applied to
two example IM operations. Open issues and conclusions are

presented in Sections V and VI, respectively.

II. REQUIRED INTERVAL MANAGEMENT PERFORMANCE

An IM operation requires a longitudinal spacing precision,
called the IM tolerance, that satisfies operational goals. The
IM tolerance is derived from the ground perspective, and is a
measure of the allowable deviation from the desired spacing
interval. The magnitude of this deviation is based on what is
needed to meet operational objectives, but is also limited so
that the controller, with limited information available onthe
progress of the IM operation as compared to the flight deck,
trusts that the IM system is operating within nominal bounds.
The IM tolerance represents the 95% bounds on the fault-
free spacing precision that is achieved and/or maintained by
the IM aircraft through implementing the speeds determined
by the FIM equipment. The fault-free spacing precision is
assumed to be modeled by a Gaussian distribution, which is a
reasonable assumption for the analysis, but further validation
of this assumption should be performed in future work.

The GIM component relies upon the precision described by
the IM tolerance to meet operational goals, and the FIM equip-
ment onboard the IM aircraft makes use of the IM tolerance to
manage the spacing interval during the IM operation. As with
other performance-based metrics, the analysis and framework
that would be provided by RIMP would ensure that the IM
tolerance is met in the IM operation.

The IM tolerance and associated allocations of the IM
tolerance to state data errors and the performance of the speed
control algorithm in the assumed operating environment define
the performance metrics for an IM operation and are included
in the RIMP category. In addition, it is possible that the level of
FIM equipage will be mixed, and that the controller may need
to differentiate IM aircraft according to additional functional
capabilities (e.g., an ability to handle complex IM and target
aircraft route geometries). The RIMP category is comprised
of a combination of discrete performance levels for each of
the following four components:

• the IM tolerance to be met,
• the required performance of the state data,
• the required performance of the speed control algorithm

in the assumed operating environment, and
• additional functional capabilities of the FIM equipment.
To meet the IM tolerance, a sufficiently high performance

level of the state data is required by the speed control
algorithm for calculating the speed commands. State data
performance describes the accuracy of the IM and target
aircraft state data (e.g., accuracy of the horizontal position,
vertical position, and horizontal velocity measurements ob-
tained through surveillance reports from the target aircraft
and sensors onboard the IM aircraft), including latencies
in the use of the state data and update intervals between
surveillance reports from the target aircraft. Furthermore, the
speed control algorithm must provide speed commands that
correct deviations in the spacing interval well enough thatthe
IM tolerance is achieved and/or maintained in the assumed
operating environment. Initial analysis indicates that a few
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discrete performance levels defined for the state data and the
speed control algorithm will cover the needed performance
of the spectrum of IM operations. Discretization of the IM
tolerance value included in the RIMP category is also likely
to be desirable. The range and number of IM tolerance values
will be informed by the analysis of more IM operations.

Furthermore, certain IM operations may require the FIM
equipment to have functional capabilities which may not
be implemented in all instantiations of FIM equipment. For
example, an IM operation may require the knowledge and use
of final approach speeds, or to acquire and use complex route
geometries for the IM and target aircraft. The RIMP category,
and an IM aircraft’s certification to support different RIMP
categories, provides a way that the controller may manage
functional differences in FIM equipage when conducting IM
operations. Here again, a few discrete levels of functional
capabilities are envisioned. The determination of these levels is
expected as an outcome of pending benefit and cost decisions
to be made by the aviation community.

The RIMP category and associated analysis have the poten-
tial to be used in a number of ways.

• The ground domain may use RIMP as a means for the
categorization and management of IM operations. RIMP
provides a way to assign IM operations appropriately, and
to easily adapt to changing environmental conditions or
operational goals.

• Pilots may use the RIMP category when initiating and
conducting the IM operation and as part of their situation
awareness.

• Operational designers establishing the airspace and pro-
cedures for an IM operation may work within the defined
and available bounds provided by RIMP categories. Fully
developed, the RIMP analysis will provide a direct rela-
tionship between bounds on the operating environment
and fundamental operational objectives.

• Avionics manufacturers may use the RIMP categories in
the design of FIM equipment. Final categorization of the
RIMP components establishes requirements on the FIM
equipment which directly relate to the benefit provided
by the supported IM operations.

• Certification authorities may use RIMP for operational
approval of an IM operation and certification of the
associated FIM equipment to be used.

In collaboration with the user community, the determination
of discrete performance levels associated with each of the four
components of RIMP–IM tolerance, state data quality, speed
control algorithm performance, and functional capabilities–is
underway and is expected to continue as the initial set of
IM operations and FIM equipment are developed, analyzed,
and ultimately fielded. It is proposed that once this set of
performance levels is established, FIM equipment is built and
certified to perform to them, and there is some experience with
their combination in fielded IM operations, they should be
systematically applied to the design and certification of future
IM operations. In particular, IM operations designed afterthe

approval of FIM equipment standards may leverage the RIMP
categories and analysis to ensure that previously certifiedFIM
equipment can be used to support new IM operations.

The framework for the RIMP concept and the direction for
its development are detailed below. In the next section, the
four components of RIMP are discussed in greater detail. The
methodology for determining the IM tolerance for a given IM
operation is provided in Section III.A. In Section III.B, the
allocation of the IM tolerance and determination of state data
and speed control algorithm performance levels are described.
Finally, the determination of the RIMP category resulting from
analysis of an IM operation is described in Section III.C. It
is important to note that, while the methodology described is
based on past research and current standards development, it
is intended to be used as a starting point for the development
of a certified concept for the NAS. In particular, operational
input from controllers, pilots, Air Navigation Service Providers
(ANSPs), and other stakeholders is one of the next steps in the
maturation of the RIMP concept, and may lead to realignment
of the analytical methodology.

III. C OMPONENTS OFRIMP

A. Operationally-Required Tolerances

The operationally-required tolerances (ORTs) are used to
model the operational objectives for a given IM operation. Two
quantities comprise the ORTs: the nominal spacing bounds and
the controller intervention threshold. Both of these quantities
relate to bounds on the deviation from the desired spacing
interval.

The nominal spacing bounds relate the operational goals to
a nominal spacing performance curve, assumed to be described
by a Gaussian distribution for simplicity. The nominal spacing
performance is the actual longitudinal spacing interval that is
achieved and/or maintained in the presence of nominal state
data errors and environmental effects. The mean and standard
deviation of the performance curve are chosen such that the de-
viation from the desired spacing interval meets the operational
goals under fault-free conditions. Generally, faulted conditions
correspond to the tails of the error probability distribution;
therefore, the standard deviation is specified by an observable
bound, typically between 90% and 99.9%.

The controller intervention threshold is a theoretical thresh-
old, which if crossed, will cause the controller to intervene
in the IM operation. For spacing operations, where controllers
are monitoring for separation, it is proposed that in at least
99.9% of non-faulted IM operations, the deviations from the
desired spacing interval do not exceed the bounds defined
by the controller intervention threshold. For IM operations
where an increased complexity demands greater controller
trust in the IM aircraft’s ability to negotiate the environment,
a more stringent constraint on the likelihood of breaching the
controller intervention threshold may be necessary.

Extrapolating the nominal spacing performance to its 99.9%
bound may demonstrate that the controller intervention thresh-
old is respected under fault-free conditions. Alternatively, the
controller intervention threshold may over-constrain nominal
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spacing performance and hence drive the IM tolerance. In
high-complexity IM operations, monitoring or alerting func-
tions in the FIM equipment may be designed to meet more
stringent constraints or to mitigate off-nominal conditions.

Fig. 1 illustrates the ORTs in the context of an IM operation.
Whereas performance curves defined by the nominal spacing
bounds and the controller intervention threshold may be estab-
lished independently, a single Gaussian distribution represent-
ing the nominal spacing performance in the assumed operating
environment is determined to respect both constraints. The
IM tolerance is defined to be the 95% bound on the nominal
spacing performance.

B. Allocations of the IM Tolerance

Uncertainty in the actual states of the IM and target aircraft
directly leads to reduced spacing precision. Similarly, in-
creased uncertainty in the operating environment corresponds
to increased deviation from the desired spacing interval. The
IM tolerance is thus allocated to: 1.) the performance of the
IM and target aircraft state data and 2.) the performance of the
speed control algorithm in the assumed operating environment.
These allocations provide top-down performance budgets for
setting FIM equipment requirements, allowing the two effects
to be managed independently.

The allocation process is iterative meaning that an initial
conservative allocation is made to the most stressing and
uncertain component: the speed control algorithm in the op-
erating environment. The resulting allocation left for thestate
data performance is used as a top-down budget for those
performance requirements. Any budget left after setting the
state data performance is re-allocated to the speed performance
in the environment.

1) IM Tolerance Allocation to State Data Performance:
Uncertainties in the IM and target aircraft positions and ve-
locities arising from latencies and measurement errors translate
to errors in the calculated spacing interval that the IM aircraft
is acting upon and errors in the speeds calculated by the speed
control algorithm in the FIM equipment. A conservative model
of the uncertainty in the spacing interval, relative to the desired
spacing interval, as a result of errors in the state data has been
established [11]. The model is independent of the particular
implementation of speed control algorithm. From the top-down
budget of the IM tolerance allocation to state data errors,
requirements may be set on the individual parameters (e.g.,
horizontal position accuracy and horizontal velocity accuracy)
that satisfy the allocation.

The application of this model to provide a measure of the
spacing uncertainty attributable to state data errors depends
only on the expected ground speeds of the IM aircraft. In
reference [11], this model for state data errors has been applied
to an initial set of IM operations, and two discrete state data
performance levels were found to be sufficient for the initial
set of operations. These two performance levels are expected
to support most near-term IM operations. Whereas the first two
performance levels differ only in horizontal position accuracy

and horizontal velocity accuracy, additional performancelevels
may arise from future analysis and may further constrain other
parameters, such as latencies or vertical position accuracy.

2) IM Tolerance Allocation to Speed Performance in the As-
sumed Operating Environment:Operational uncertainties such
as winds, turns, descents, and varying aircraft performance
characteristics lead to deviations in the longitudinal spacing
interval from the desired spacing interval. The fundamental
concept behind FIM is the provision of speed commands
derived by the speed control algorithm to counteract these
environmental effects. As the environment increases in severity
or complexity, it is expected that the performance of the speed
control algorithm in the environment will be reduced resulting
in a less precise spacing interval. In the same environment,a
higher performing speed control algorithm will provide a more
precise spacing interval. In this way, the assumed operating
environment for an IM operation is related to the performance
of the speed control algorithm, and an allocation of the IM
tolerance is ascribed to this factor.

As has been partly established for the state data perfor-
mance, it is expected that a set of discrete performance levels
for the speed control algorithm will emerge in the initial
set of IM operations. Higher performance levels will provide
greater precision in the spacing in the presence of operational
uncertainties. It is proposed that the performance levels be
differentiated by bounds on the closed-loop performance ofthe
IM aircraft when following speeds determined by the speed
control algorithm.

Whereas the allocation to the speed control algorithm per-
formance in the assumed operating environment specifies the
accuracy within which the spacing interval must be achieved
and/or maintained, there are other considerations when spec-
ifying the speed performance levels. In some IM operations,
strings of aircraft will be formed, where each IM aircraft is
spacing relative to its preceding aircraft in the string while
also acting as a target aircraft for its trailing aircraft inthe
string. When strings of IM aircraft are formed, a disturbance,
arising from an operational uncertainty, to one IM aircraft
may propagate along the string such that the deviations in the
spacing intervals and the magnitudes of speed commands to
correct these deviations increase along the string. Therefore, to
provide efficient performance in these types of IM operations,
the string performance of the speed control law must also be
considered when establishing the speed performance levels.

In references [11] and [12], the closed-loop response of
the IM aircraft to speed commands is related to a second-
order system, which is parameterized by damping ratio and the
aircraft’s response to a new speed. Upper and lower bounds on
these parameters are a promising metric for the performance
levels associated with the speed control algorithm, as they
are easily testable and constrain the system both in terms
of meeting the allocation of the IM tolerance and ensuring
efficient string behavior.

Analysis has shown that acceptable string behavior can be
achieved by increasing the damping ratio such that the system
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Fig. 1. Depiction of the Nominal Spacing Bounds and Controller Intervention Threshold in an IM Operation.

is over-damped, which limits the propagation of disturbances
along the string. A lower bound ensures good string behavior,
where IM aircraft cannot correct deviations in the spacing
interval more quickly than the lower bound.

An upper bound prevents the IM aircraft from correcting
deviations from the desired spacing interval too slowly. There
are two considerations in specifying an upper bound: the upper
bound ensures that the desired spacing interval is achieved
and/or maintained within the IM tolerance in the assumed
operating environment, and the closeness between the upper
and lower bounds promotes interoperability between different
speed control law implementations.

Fig. 2 illustrates the upper and lower bounds on the cor-
rection of the deviation from the desired spacing interval;
the evolution of the deviation is shown when correcting a
5-second initial spacing-interval deviation relative to atarget
aircraft flying at a constant speed. In the figure, each bound is
characterized by a damping ratio and an aircraft response to
a new speed. The lower bound is less damped than the upper
bound and assumes a faster aircraft response.

Characterizing the assumed operating environment by the
operational uncertainties that are expected in the IM opera-
tion is one approach towards establishing the different speed
performance levels. For a fixed performance level (i.e., upper
and lower bounds on damping ratio and aircraft response),
the response curves can be generated for each operational
uncertainty expected in an IM operation and used to predict
the ability to achieve the IM tolerance at that performance
level.

The specific means for relating the assumed operating envi-
ronment and the speed performance level in the establishment
of the RIMP category requires further research and validation.
Validation of the speed performance levels in assumed operat-
ing environments, for example, by fast-time simulation, isan
important step in establishing the relationships between the
performance levels and the operating environments.
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Fig. 2. Upper and lower bounds on the correction of a deviation in the
spacing interval from the desired spacing interval. The IM aircraft is correcting
an initial five-second deviation relative to a target aircraft flying a constant
speed.

The variation found in the environment and IM tolerance
requirements of the IM operations studied to date is notewor-
thy. This variation indicates that requiring all FIM equipment
to perform at the most stringent speed performance levels
only would lead to inefficient performance as the IM aircraft
would in some cases be unnecessarily working towards a
tighter IM tolerance than that specified by the ORTs. The
most flexible FIM equipment would be certified for all defined
speed performance levels, which would provide the most
efficient performance in all IM operations. Further research on
the interoperability of FIM equipment using dissimilar speed
performance levels is needed and is discussed in Section V.

As in the case of state data performance, a closed-form
analysis of the spacing uncertainty that results from the
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combination of operating environment and speed control law
with a given performance level is seen as a useful ingredientin
the RIMP methodology. This would provide an analysis that
is independent of a specific speed control law implementation.
Furthermore, an analytical process for relating the speed per-
formance level to the assumed operating environment provides
a flexible framework for determining the performance level
needed for a new IM operation without extensive validation.

Further development is necessary to establish certifiable
performance metrics that provide a guarantee of achieving the
IM tolerance. Depending upon how the assumed operating
environment is defined in conjunction with the performance
levels, a set of bench tests can be expected to be the
mechanism for certifying FIM equipment to a given speed
performance level. It is likely that these bench tests will be
exhaustive, ranging from verification of simple input responses
to required performance in simulated environments.

C. Establishing the RIMP Category

The RIMP category for an IM operation is comprised of the
IM tolerance, the performance levels of the state data and the
speed control algorithm that guarantee the IM tolerance in the
assumed operating environment, and any special functionality
required by the FIM equipment. Fig. 3 depicts the process
involved in establishing the RIMP category. A feedback loop
is included, as indicated by the dashed lines, to allow the IM
tolerance or the IM tolerance allocations to be adjusted should
it be found that the IM operation is not viable during the
validation step.

Fig. 3. Determination of the RIMP category from the description of the IM
operation.

IV. RIMP M ETHODOLOGY APPLIED TOEXAMPLE IM
OPERATIONS

The RIMP methodology is applied to two example opera-
tions to illustrate the derivation of the IM tolerance and the
allocation process to the state data errors and the performance
of the speed control algorithm in the assumed operating
environment. These are notional examples intended to show
the application of the ORT metrics in the derivation of the IM
tolerance, as well as the allocation process.

The required FIM equipment performance would be deter-
mined from the established performance levels, described in
Sections III.B.1 and III.B.2 such that the performance levels
respect the IM tolerance allocations.

A. Example 1

The first example is an IM operation used to achieve the
desired inter-aircraft spacing at a waypoint in the terminal
area. Given a sequence and scheduled times of arrival at
the waypoint, the controller determines the desired spacing
intervals needed between each aircraft at the waypoint. The
operational goal is to limit drift in the schedule to±2 minutes,
95%, per hour of operation, and the controller intervention
threshold is modeled to be one-third of the desired spacing
interval.

1) IM Tolerance: Assume thatN aircraft are scheduled to
arrive over the next hour. The time forN aircraft to cross the
terminal-area waypoint in an hour is described by the random
variableY in eq. 1, where∆i is the desired spacing interval
of the ith aircraft relative to its target aircraft, andXi is a
Gaussian-distributed random variable with standard deviation
σ representing the deviation in the actual spacing interval
from the desired spacing interval at the waypoint. TheXis
are assumed to be independent, identically-distributed random
variables.

Y = (∆1 + X1) + (∆2 + X2) + ... + (∆N + XN )

=

N
∑

i=1

∆i +

N
∑

i=1

Xi (1)

= 3600 seconds+
N

∑

i=1

Xi

The random variableY is also Gaussian distributed with a
mean of 3600 seconds and a standard deviation of

√
Nσ.

The standard deviation corresponding to the nominal spac-
ing bounds on the individual aircraft spacing precision that
satisfies the operational goal of limiting the variation ofY to
120 seconds, 95%, is determined by the following expression.

σ =
120 seconds

1.96
√

N
(2)

To reconcile the 99.9% bound on performance defined by
the nominal spacing bound with the controller intervention
threshold, the following inequality is verified for each desired
spacing interval∆i.

3.29σ <
∆i

3
(3)
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Assume that the desired spacing interval between aircraft is
120 seconds, resulting in an average of 30 aircraft crossingthe
waypoint per hour. The resulting value ofσ from eq. 2 is 11.2
seconds, which respects the controller intervention threshold,
as per the inequality in eq. 3.

However, in the case of 40 aircraft scheduled to cross the
waypoint in an hour and a desired spacing interval of 90
seconds along the string, the controller intervention threshold
drives the performance needed. The standard deviation that
satisfies the operational goal is 9.7 seconds from eq. 2, but a
value of σ equal to 9.1 seconds is required to satisfy eq. 3.
The resulting IM tolerance of 17.9 seconds is used for the rest
of example 1.

2) IM Tolerance Allocations:An initial allocation is made
to the speed performance in the assumed operating envi-
ronment. Because the relationship between the IM operation
and the assumed operating environment has not yet been
established, the initial allocation to the speed performance
is determined based on previous IM-related studies in the
literature. Speed control algorithms for IM-related concepts
have been tested in fast-time simulation environments, human-
in-the-loop experiments, and field testing with different envi-
ronments of varying complexity. References [7] and [8] found
that the spacing precision ranged from 6.0 to 10.0 seconds,
95%, using fast-time simulations.

An initial conservative allocation of 13.0 seconds is made to
the speed performance in the assumed operating environment,
from which the state data error budget is then determined.

State Data Error Budget =
√

(IM Tolerance)2−(Speed Performance Budget)2

State Data Error Budget=
√

(17.9 sec)2−(13.0 sec)2=12.3 sec

The state data error budget is met for Performance Level
1, as defined in reference [11], where state data for the IM
and target aircraft have a horizontal position accuracy of 0.3
NM and a horizontal velocity accuracy of 10 m/s; update
rates and latencies in the target aircraft state data are assumed
for the expected surveillance source (e.g., ADS-B, ADS-R,
or TIS-B). For a target aircraft equipped with ADS-R, the
bound on the spacing interval uncertainty is 7.1 seconds. This
value is found using the conservative model of the spacing-
interval uncertainty resulting from state-data errors described
in reference [11]. The remainder of the state data error budget
is re-allocated to the speed performance resulting in a 16.4-
second budget for the speeds in the environment.

The speed performance in the assumed operating envi-
ronment must be validated to show that the 16.4-second
budget is met. Initially, fast-time simulations of a baseline
implementation will be performed to demonstrate viabilityof
the IM operation.

3) RIMP Category:This example is used to illustrate the
process of determining the performance needed for the IM
operation described. The RIMP category for this IM operation
will be comprised of an IM tolerance of 18 seconds, state data
performance level 1, the appropriate speed performance level,

and no additional airborne functionality above the baseline
functionality.

B. Example 2

The second example is an IM operation for arrival spacing
to achieve a desired throughput of 30 aircraft per hour at the
runway threshold. This is a more complex IM operation to
analyze than the IM operation in example 1, and this example
is intended to show the applicability of the ORT metrics and
RIMP analysis to IM operations with different operational
objectives. This type of operation is planned for near-term
implementation.

1) IM Tolerance:The IM tolerance for an arrival operation
is determined in order to achieve the desired throughput at the
runway threshold. The IM operation is terminated at the final
approach fix (FAF) when the aircraft begins its deceleration
to its final approach speed; therefore, the IM tolerance is
determined at the FAF such that the operational goal is
achieved at the runway threshold.

Throughput at the runway threshold is a function of the
mean inter-aircraft spacing, or the average desired spacing
interval, set during a sequence of consecutive IM operations.
In this operation, the desired spacing intervals are set such
that wake vortex minimum separation is respected in 99.9%
of operations, under fault-free conditions. The nominal spacing
bounds for each individual IM operation in the sequence
are modeled by a Gaussian distribution with mean equal to
the desired spacing interval and standard deviation equal to
σthreshold.

The controller intervention threshold is modeled to be at
the wake vortex minimum separation. The modeling of the
nominal spacing bounds already ensures that this threshold
is appropriately respected under the assumption that nominal
spacing performance is Gaussian. Additional measures such
as alerting may be required for robustness, for example, if the
IM operation involves particularly volatile wind conditions.

It is assumed that the arrival operation is comprised of
a mix of aircraft categories, and the minimum (time-based)
spacing intervals between aircraft pairs are shown in Table
I. The spacing intervals are derived based upon wake-vortex
separation standards and representative final approach speeds
for the different aircraft categories.

TABLE I
TIME-BASED WAKE VORTEX M INIMUM SEPARATION (SECONDS)

Target Aircraft
Heavy B757 Large

IM Aircraft
Heavy 110 110 84
B757 126 78 78
Large 136 113 86

The desired spacing interval is set so that one side of the
two-sided 99.9% bound, or 3.29 timesσthreshold, is the wake
vortex minimum separation. The matrixw is a representation
of the spacing intervals in Table I, where the column index
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represents the target aircraft category in the pair, and therow
index represents the IM aircraft category in the pair.

Spacing Intervalthreshold = w + 3.29σthreshold, where

w =





110 110 84
126 78 78
136 113 86





For an assumed aircraft-type mix, the average spacing
interval t̄threshold at the runway threshold can be determined.

t̄threshold =

3
∑

i=1

3
∑

j=1

Spacing Intervalthreshold(i, j)p(i)p(j)

Here,p(i) for i = 1,2,3, is the probability of a heavy, a B757, or
a large aircraft, respectively, in the sequence. The throughput
at the runway threshold is determined from the average spacing
interval.

throughputthreshold (aircraft/hour)=
3600

t̄threshold

To determine the throughput at the runway threshold, the
following aircraft-type mix is assumed:p(1) = 0.10, p(2) =
0.70,p(3) = 0.20; e.g., there is a 70% probability that a B757
is next in the sequence. Fig. 4 shows the throughput at the
runway threshold for different values of the standard deviation
σthreshold. The intersection of the curve and the 30 aircraft per
hour throughput shows that a standard deviation of 9.0 seconds
meets the operational goal.
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Fig. 4. Throughput at the runway threshold given different values of the
standard deviationσthreshold.

Because the IM operation is terminated at the FAF, the
controller provides the IM aircraft with the desired spacing
interval to be achieved at the FAF such that the spacing interval
needed at the threshold is achieved. The desired spacing
interval at the FAF is a function of the times that it takes
for the IM and target aircraft to fly from the FAF to the
threshold, where the times are computed assuming planned
final approach speeds, decelerations to the final approach

speeds, and wind speeds between the FAF and the threshold.
Therefore, the IM tolerance needed at the FAF is a function of
the 95% bound on the spacing at the runway threshold and the
95% bound on the uncertainties in the times for the IM and
target aircraft to fly from the FAF to the threshold, modeled
by a Gaussian distribution with standard deviationσT .

IM Tolerance=
√

(1.96σthreshold)2−(1.96σT )2

These uncertainties are a result of errors in the planned final
approach speeds, decelerations to the final approach speeds,
and winds used to determine the desired spacing interval
at the FAF. To determineσT , the flight times for the IM
and target aircraft from the FAF to the threshold,TIM and
Ttarget, respectively, are modeled as independent, identically-
distributed random variables. Monte-Carlo analysis is used
to determine the standard deviations ofTIM and Ttarget,
where the final approach speeds are assumed known within 5
knots, 95%, the decelerations are assumed known within 0.15
knots/second, 95%, and the wind is assumed known within 10
knots, 95%. The standard deviations ofTIM and Ttarget are
5.2 seconds from whichσT is determined [11].

σT =
√

σ2
TIM

+ σ2
Ttarget

= 7.4 sec

Therefore, an IM tolerance of 10.2 seconds is needed at the
FAF.

2) IM Tolerance Allocations: As described in the first
example, an initial allocation is made to the speed performance
in the assumed operating environment. References [8] and
[13] found that the spacing precision at the runway threshold
ranged from 7.5 to 10.0 seconds, 95%, determined from fast-
time simulations and human-in-the-loop experiments. An ini-
tial allocation of 8.0 seconds is made to the speed performance
in the assumed operating environment, from which the state
data error budget is determined to be 6.3 seconds.

The state data error budget is met for Performance Level
2, as defined in reference [11], where state data for the IM
and target aircraft have a horizontal position accuracy of 0.1
NM and a horizontal velocity accuracy of 3 m/s; update rates
and latencies in the target aircraft state data are assumed for
the expected surveillance source. For a target aircraft equipped
with ADS-B, the bound on the spacing interval uncertainty is
5.8 seconds [11]. The remainder of the state data error budget
is re-allocated to the speed performance budget resulting in an
8.4-second budget for the speeds in the environment.

Again, the speed performance in the assumed operating
environment must be validated to show that the allocated 8.4-
second budget is respected.

3) RIMP Category:The RIMP category for this IM oper-
ation will be comprised of an IM tolerance of 10 seconds,
state data performance level 2, the appropriate speed control
performance level, and no additional airborne functionality
above the baseline functionality.

If the IM operation had higher throughput goals at the
runway threshold, the FIM equipment may require knowledge
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of the IM and target aircraft final approach speeds in order
to better predict trajectories from the FAF to the runway
threshold. In this case, the added functionality to know anduse
final approach speeds would be included in the RIMP category
along with the appropriate IM tolerance and performance
levels to support the tighter IM tolerance.

V. OPEN ISSUES ANDFUTURE WORK

Through a motivation of the RIMP concept, and an account
of its definition at present, this paper provides a framework
for determining the performance needed for an IM operation.
This framework has been built upon technical developments;
however, further development and backing within the commu-
nity is needed. A program for completing the development
begins with the analysis of an initial set of IM operations.
A broad set of IM operations should be chosen to populate
RIMP categories from which the discrete breakdown of the
four components may be identified.

Specifically, the determination of speed performance levels
and their interaction with the operational environment needs
the most development and validation. The authors believe that
the following program of study will be fruitful:

• Complete the analysis of operational uncertainties, initi-
ated in reference [11]. The list is not currently exhaustive,
e.g., the inter-aircraft precision provided by GIM in the
set-up of the FIM operation has not been studied.

• Analyze IM aircraft response to operational uncertainties
as a function of algorithmic performance parameters (i.e.,
the performance bounds defined by damping ratio and
aircraft responsiveness).

• Characterize the assumed operating environment of the
IM operation by its operational uncertainties.

• Combine the above into an analysis which translates
the assumed operating environment to the achievable
precision for a given performance of the speed control
algorithm.

To mirror the analysis that is developed for the allocation of
the IM tolerance to state data performance, this would yieldan
analytical tool that relates the allocation of the IM tolerance
to a performance level of the speed control algorithm and a
parameterized assumed operating environment. The proposed
analysis should be conducted in the context of a set of
expected IM operations, and fast-time simulation conducted
for validation.

The determination of performance levels for the other
three components of RIMP will be more straightforward. As
stated previously, the closed-form analysis for the state data
performance is established and application to a set of IM
operations beyond what has already been done will complete
the delineation of performance levels there. Similarly, different
levels for the IM tolerance will become apparent as the IM
operations are analyzed as described. Finally, groupings of
functional performance levels are an implementation decision,
and will be based on the community’s consideration of a set
of beneficial IM operations.

In addition to determining the categories from analysis
of a set of IM operations, the question of efficient string
behavior in the context of performance levels of the speed
control algorithm should be answered. In particular, it is to
be determined whether different speed performance levels are
inter-operable along the string in the same IM operation. Ifnot,
then it may be a further restriction for the FIM equipment to
be operating strictly at the specified performance level, rather
than at or above.

VI. CONCLUSIONS

A methodology was proposed for determining the Re-
quired Interval Management Performance (RIMP) needed to
satisfy operational goals, and from which FIM equipment
performance requirements are derived, given a specific IM
operation and an assumed operating environment. From the
proposed methodology, RIMP categories are derived which
are comprised of the following four components:

• the spacing precision needed in the IM operation to meet
operational goals,

• the required performance of the state data provided by the
IM and target aircraft and used by the FIM equipment to
calculate speeds,

• the required performance of the speed control algorithm
in the assumed operating environment, and

• additional functional capabilities of the FIM equipment.

The RIMP categories describe the performance needed for
an IM operation, and this categorization framework may be
leveraged by, for example, air traffic controllers managing
IM operations with changing operational goals and operating
environments and by FIM equipment designers to provide
efficient performance as a function of RIMP category. It is
expected that discrete performance levels of the state data
and the speed performance will be revealed in subsequent
derivations of the RIMP categories leading to equipment-level
testing and certification procedures.

ACKNOWLEDGMENTS

The authors would like to thank Bryan Barmore of the
NASA Langley Research Center, Randall Bone of The MITRE
Corporation, Stuart Searight of the FAA, and Joel Wichgers
of Rockwell Collins for their insightful discussions on the
Interval Management concept and standards work leading to
the development of the technical work presented in this paper.

The authors would also like to thank Doug Arbuckle and
John Koelling of the FAA’s Surveillance and Broadcast Ser-
vices (SBS) Program Office for their thorough reviews and
comments on the paper.

REFERENCES

[1] S. Stalnaker, P. Ostwald, E. Beaton, K. Levin, and S. Stapleton,
“Integrated time-based flow management concept,” inProceedings of
the 26th Congress of International Council of the Aeronautical Sciences
(ICAS), September 2008.

[2] U.S. Department of Transportation and Federal Aviation Administration,
“Time-based flow management (TBFM) system specification document
(SSD),” Tech. Rep., 2009, section J, Attachment J-3.

9



[3] L. Credeur, “Basic analysis of terminal operation benefits resulting from
reduced vortex separation minima,” NASA Langley Research Center,
Hampton, VA, Tech. Rep., October 1977, NASA/TM-78624.

[4] D. R. Barker, T. A. Becher, J. Hammer, S. McCourt, P. Moertl,E. C.
Smith, and T. Stock, “Ground and flight deck alternatives for terminal
merging, sequencing, and spacing for arrivals,” inProceedings of the
26th Digital Avionics Systems Conference, October 2007.

[5] T. J. Callantine, P. U. Lee, J. Mercer, T. Prevot, and E. Palmer, “Air and
ground simulations of terminal-area FMS arrivals with airborne spacing
and merging,” inProceedings of the 6th US/Europe Air Traffic Research
and Development Seminar, June 2005.

[6] E. Hoffman, D. Ivanescu, C. Shaw, and K. Zeghal, “Analysisof spacing
guidance for sequencing aircraft on merging trajectories,”in Proceedings
of the 21st Digital Avionics Systems Conference, October 2002.

[7] D. Ivanescu, C. Shaw, E. Hoffman, and K. Zeghal, “Towards perfor-
mance requirements for airborne spacing - a sensitivity analysis of
spacing accuracy,” inProceedings of the AIAA Aviation Technology,
Integration, and Operations Conference, 2006.

[8] B. Barmore, “Airborne precision spacing: A trajectory-based approach
to improve terminal area operations,” inProceedings of the 25th Digital
Avionics and Systems Conference, Portland, Oregon, 2006.

[9] B. E. Barmore, T. S. Abbott, W. R. Capron, and B. T. Baxley, “Sim-
ulation results for airborne precision spacing along continuous descent
arrivals,” in Proceedings of the AIAA Aviation Technology, Integration,
and Operations Conference, 2008.

[10] B. E. Barmore, R. S. Bone, and W. J. Penhallegon, “Flight-deck merging
and spacing operations,”Air Traffic Control Quarterly, vol. 17, no. 1,
pp. 5–37, 2009.

[11] RTCA Inc., “Safety, performance, and interoperabilityrequirements
document for airborne spacing - flight deck interval management(ASPA-
FIM),” Tech. Rep., January 2011, FRAC Version.

[12] L. A. Weitz, “Investigating string stability of a time-history control
law for interval management,” inProceedings of the International
Conference on Research in Air Transportation, June 2010.

[13] J. L. Murdoch, B. E. Barmore, B. T. Baxley, T. S. Abbott, and
W. R. Capron, “Evaluation of an airborne spacing concept to support
continuous descent arrival operations,” inProceedings of the Eighth
US/Europe Air Traffic Research and Development Seminar, June 2009.

NOTICE

This work was produced for the U.S. Government under Contract

DTFAWA-10-C-00080 and is subject to Federal Aviation Administra-
tion Acquisition Management System Clause 3.5-13, Rights In Data-
General, Alt. III and Alt. IV (Oct. 1996).

The contents of this document reflect the views of the authors and
The MITRE Corporation and do not necessarily reflect the views of
the FAA or the Department of Transportation (DOT). Neither the FAA
nor the DOT makes any warranty, guarantee, expressed or implied,
concerning the content or accuracy of these views.

c©2011 The MITRE Corporation. All Rights Reserved.

AUTHOR BIOGRAPHY

Ian Levitt earned a B.S. in applied mathematics from Stevens
Institute of Technology in 1999, and a Ph.D in mathematics from
Rutgers University in 2009.

He is currently a mathematician working for the Engineering
Development Services group (AJP-653) at the Federal Aviation
Administration William J. Hughes Technical Center in Atlantic City,
NJ. He has been working on ADS-B research, standards, and testing
and development since 1999. He is involved with the development
of aviation standards for Interval Management, most recently leading
the development of the ASPA-FIM SPR under RTCA. His research
interests are in aviation systems design and analysis.

Lesley A. Weitzearned a B.S. degree in mechanical engineering from
the State University of New York at Buffalo in 2002, and M.S. and
Ph.D. degrees in aerospace engineering from Texas A&M University
in 2005 and 2009, respectively.

She is currently a Senior Simulation Modeling Engineer at the
Center for Advanced Aviation System Development (CAASD) at
The MITRE Corporation in McLean, VA. She is working on the
development of aviation standards for Interval Management. She has
also held internships at the NASA Langley Research Center during
her graduate studies. Her research interests include dynamics and
control with the specific application to multivehicle control.

Dr. Weitz is a member of AIAA and serves on the Guidance,
Navigation, and Control Technical Committee.

10


