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Introduction

The Flow Evaluation Team (FET) held a meeting on 13 April at MITRE to discuss Flow Constrained Area (FCA) capacity estimation.  The discussion built upon previous discussions with an aim at distilling an accurate way   to determine flow capacities of a clearly defined region of airspace.  Presentations on how to derive these estimates were given by M.I.T. Lincoln Labs, METRON, and MITRE CAASD.  The presentations were followed by a discussion to determine the best way to incorporate this new material into FCA capacity estimations. A list of meeting attendees is included at the end of this document.
Sector capacity prediction for traffic flow management:

The first presentation was given by MITRE CAASD.  En route congestion leading to reduced capacity is generally caused by weather events and traffic complexity.  Ultimately demand needs to be balanced with capacity.  However, doing so requires solid metrics of capacity and congestion.  What is a good metric?  Sector capacity is defined as the number of aircraft that can enter pass through a sector per unit of time without overloading controllers.  If 42 minutes out of an hour is a controller’s working threshold, then the corresponding number of aircraft traveling through a sector given a controller’s workload threshold, is the sector capacity for that hour. 
If a controller’s threshold becomes the baseline for sector capacity, what then contributes to decreased sector capacity?  One element is traffic complexity.  Traffic complexity impacts the sector capacity, which leads to a dynamic sector capacity threshold.  With increased complexity, the controllers' workload decreases, bringing down the overall capacity of the sector.  
A good sector capacity metric:
· Better represents sector workload
· Is intuitive and relevant to human decision makers
· Provides insight into congestion and resolution options
· Is predictable at useful look ahead times (30min – 2 hr)
· Captures impact of convection weather

How then is sector capacity increased without increasing controller demand? Complexity must be reduced.  Capturing traffic complexity requires capturing dynamic density involving detailed factors.  Aircraft to aircraft conflicts add to the complexity as they are very difficult to predict. The goal of MITRE’s model is to aggregate those detailed factors into a flow structure.  Aggregate flow variables include ascending/descending flows as well as crossing flows.  The first step in developing an aggregate flow is to identify primary streams of traffic flow patterns for each sector.  There are typically three to four flow patterns per sector.  This approach, called the Flow Pattern Based Approach was designed to predict sector capacity given each flow problem.
Weather is also factored in.  Weather Avoidance Fields (WAF’s) are translated to Weather Altitude Avoidance Fields (WAAF) to help predict capacity.  By understanding the predicted traffic pattern and combining these patterns with weather, capacity numbers can be developed.  However, more research is needed because estimates are currently based on a weighted addition applied to the “mincut” theory.
MITRE performed initial analysis based on 48 high-rate sectors and 43 low-rate sectors using traffic and weather data from June and July 2000 seeking to answer the following questions:

· Which sector weather impact index has the strongest correlation with actual sector capacity?

· What is the predictability of these sector impact indices?

The following three sector weather impact indices were tested:

· 2-D Weather Coverage

· 3-D WAAF Coverage

· Flow-Based AvailableSectorCapacityRatio
Predictability analysis yielded the following results:

· Predictability of 2D weather coverage and 3D WAAF coverage are comparable.

· The predictability of the available flow capacity ratio is relatively low
· 3D WAAF coverage and the reduced flow capacity ratio tend to be over-predicted.
Using probabilistic techniques such as the Convection Weather Avoidance Model (CWAM) with a properly applied threshold yielded accurate WAAF’s.  Neither deterministic nor probabilistic models worked well with the low-rate sectors.  Initial results suggested the flow based model had the most operational meaning.  However, it was acknowledged that the flow based model was highly sensitive to weather impacts.

Future Research:
· Develop probabilistic model to capture weather prediction uncertainty, especially weather shape and location.

· Improve the flow-based model with more research on translating the flow blockage to sector capacity reduction.

· Consider the impact of weather on traffic complexity.

· Enhance available flow capacity ratio calculation to more accurately estimate impact of transition flows.

· Flow capacity prediction and usage in both current and future operational environment.

· This analysis reveals the directional (flow) capacity usage in the current operational environment.

· NAS-Wide analysis is necessary.
Discussion

When an AFP is put in place, sectors, routes, flows, and playbooks are all considered.  This makes it difficult to define what an AFP can truly handle.  This is primarily an issue with which ARTCC controllers are concerned.  One inherent problem with putting AFPs in place is that the locale of the decision maker plays a large role.  On the national level, there is not as much concern as there is at the En Route level.  When AFPs are developed, low, medium, and high percentages are defined, but it is left to the traffic manager to decide the range.  
How are the major flows decided?  A large aggregate is used to begin with and then it is brought down to the lower levels.  Sector capacity takes all capacity into consideration in that sector.  Another concern raised is that FCAs tend to be larger than sectors and the tradeoff between controllers is not necessarily being addressed. When considering capacity from a flow-based perspective, which equates flow to demand, creative solutions such as moving, splitting, or shuffling flows, could potentially be eliminated.  Traffic managers would like to have the ability to impose more or less structure while being told what the capacity might be given different structures.
The question was raised: Is a flow-based solution the right way to look at this?  Should we change the way we look at this?  The manner in which FCA’s are implemented may need to be reevaluated.  In order to add up sector capacities, demand has to be distributed across the FCA.  However, what kind of pattern will bring more capacity for that volume?  By inducing flow structure locally, capacity can be increased.  The capacity is driven by workload, but there isn’t a workload model.  We use other ways to approximate this.   Has capacity in any given sector ever been reached?  If so, then the statistical history will reflect this and a statistical history might be a first cut practical approach at predicting the future.

The group was then directed to simply focus on capacity on a Visual Flight Rules (VFR) day, putting weather impacts aside. The capacity level, against which the impacts of Traffic Management Initiatives (TMIs) are measured, is what needs to be defined.  The baseline should be considered as one solid number ultimately adjusted by applied variances.  The capacity is not the issue as far as the baseline, but identifying the variables and their impact.  However, FCAs may be too big to come up with realistic capacity estimations.  FCAs were traditionally built on sector borders, but should potentially be defined differently.  One suggestion was to build an area, then check it against historical data.  Using 95% of this value could yield capacity.  However, this might not be optimized and thus would not reveal the true capacity.  Nevertheless, this value could potentially be used as a baseline which could be exceeded if dictated by demand.  After considering this, someone suggest that the baseline could be dynamic based on traffic flow patterns.  Aggregating the capacities across sectors was dismissed as a solution.  One reason is that altitude plays a large role and 22,000-45,000 ft. is a large airspace in which to work.  There needs to be stratification within the sector.  Eventually, this should turn into a trajectory discussion and Trajectory Option Sets (TOSs) should include flight levels.
Next, lead time for such predictions was discussed.  Traffic managers requested a desire to have predictions made at least four hours in advance, with the hope of looking even further out eventually.
estimating en route weather impacted capacity
The second presentation was given by M.I.T Lincoln Laboratories.  Like MITRE, M.I.T. Lincoln Labns attempted to predict sector capacity.  However, they took a different approach.  Using the Convective Weather Avoidance Model (CWAM), deterministic, gridded forecasts were turned into a probability of deviation.  Using actual weather data, validation of predicted deviations to avoid weather yielded 70%-80% accuracy, with a 20-30% false alarm rate.  Applying the same model to CIWS data yielded 70%-80% accuracy with a 40% false alarm rate.
Next, route blockage based on WAFs was discussed.  Route blockage combines convective weather avoidance model with operational route use model.  This accounts for several key factors that affect route availability while producing robust results, even with weather forecast uncertainty.  This model was operationally deployed as part of the Route Availability Planning Tool (RAPT) in 2008 and it resulted in significant improvement in RAPT performance.  Evaluation of this tool showed an ability to predict route blockage an hour out.  Results were accurate 87% of the time.  However, there are still sources of uncertainty in WAF:
· Still missing key weather information (weather type, correlation to cockpit view, other?)
· Pilot ‘cost function’ (can be modeled separately)
· Weather forecast uncertainty

Furthermore the following forecast uncertainties in route blockage exist:

· Accuracy of airspace model (e.g. route widths)

· Effects of dynamic operational factors (e.g. SUA activation)

· Spatial averaging reduces sensitivity to small instabilities in weather forecasts

· Difficult to validate

Lincoln Labs then put all this data together to produce capacity estimates.  The Traffic Model and Workload Model were the two approaches examined.  Traffic models diminish fair weather capacity as a function of blockage based on observed data while controller workload models developed for fair weather operations, adapted to account for weather impacts.   These models were examined in an attempt to answer the following question: What is the relationship between blockage, demand, flow complexity, and capacity?  Validation of either model proved extremely difficult while defining and modeling uncertainty from multiple sources proved challenging as well.
Next, Lincoln Labs discussed weather impacted FCA capacity estimation.  This was an attempt to normalize traffic volume based on inclement weather.  Capacity was estimated as a reduction in fair weather traffic due to route blockage.  Fair weather estimates were validated against observed traffic in order to establish an accurate baseline.  However, the major challenge in this approach was accounting for the individual routes within an FCA.  Individual route capacity can vary significantly from the overall FCA capacity.

Integrating weather into the Workload Model also yielded interesting results.  The Workload Model should be considered as an equation based on fair weather throughput from which constraints are subtracted.  Weather blockage effectively shrinks available sector volume and increases workload due to increase in rate of conflict between aircraft.  Additionally, weather-blocked volume must be subtracted from sector volume.  Weather blockage forces deviations and reroutes as well.  A new term is then added to the workload equation that is dependent on number of routes blocked and expected traffic on those routes.  Finally sector capacity is converted to a maximum throughput rate per route, making the assumption that equipartitioned routes yield maximum throughput across unblocked routes.  Maximum throughput of an FCA route traversing multiple sectors becomes constrained by worst-case sector.  This yields an FCA maximum throughput equaling the sum of the FCA per-route maximum throughputs.
M.I.T. Lincoln Labs concluded that quantitative guidance on capacity is essential for operational success of FCA planning in convective weather.  Additionally, weather impacted capacity models (to date) calculate capacity reduction relative to fair weather capacity.  Validating capacity models proves extremely difficult because reliable, comprehensive methodologies have not yet been developed.  There are an enormous number of factors and it requires large dataset with extensive analysis.  Therefore there is a critical need to develop models for capacity forecast uncertainty.  Errors in weather, pilot, and airspace use models all contribute to the uncertainty, and framework to support decisions as decision time horizon (and uncertainty) shrinks, is needed.  A tactical component will be needed to adjust traffic flow demand /capacity imbalances that arise due to forecast errors.
Airspace optimization research – fca airspace capacity estimator (face)
The last presentation of the day was given by METRON Aviation.  Again, they sought to predict FCA Capacity when exposed to various constraints.  To define the problem, METRON set out to determine where FCAs are needed and what rates should be used.  Typically, FCA locations and rates are limited to predefined FCAs.  Additionally, FCA rates are based on static lookup tables.  METRON chose to examine these tenets because predefined FCAs are not always going to align with constraints and sub-optimal FCA placement/rates may lead to flights controlled by an Airspace Flow Program (AFP) unnecessarily, flights entering congested airspace without being controlled by an AFP, excess delays, and capacity underutilization. 
One of the first problems METRON identified is that FCAs do not always capture all weather constraints.  Consequently, METRON developed FACE to provide the flexibility to define customized FCAs.  Ideally, this will more closely match the locations of predicted airspace constraints.  FACE is also designed to recommend FCA rates that account for how traffic will flow around capacity constraints.  Finally, FACE should provide real time rate validation for customized FCAs based on historical throughput.

[image: image1.png]


The Network Flow Model (NetFM) is the backbone of FACE.  NetFM is a model of the National Airspace System (NAS) as a continuous, dynamic, multi-commodity network.  It is a high-level approach designed to aggregate flows, ignore flight-specific details, and perform optimal routing.  It solves for a minimum-cost set of flows through the NAS, subject to capacity constraints.  It also produces diagnostics of the projected state of the NAS such as predicted traffic flows, potentially congested airspace, severity of capacity constraints, impacts of proposed TMI’s.  It is designed to help develop strategic approaches for dealing with demand/capacity imbalance and provide a test bed in which TFM researchers can experiment with new TMI concepts.
The NetFM approach breaks up the NAS into a grid of hexagonal cells with nodes in the center.  Node capacities are estimated from historical usage.  A “market” is a combination of a source and a sink (origin and destination).  Market-to-Market (“city-pair”) demand is based on schedule demand.  The vast majority of demand is concentrated toward 91 markets.  Ultimately, METRON is working towards mapping markets to Terminal Radar Approach Control’s (TRACONs).  
FACE considers each flight to be a separate commodity.  Destinations are sinks for their commodities.  Origins are sources for all commodities.  Demand is based on schedule demand.  Commodity flow is equivalent to traffic to a given destination and continuous-valued.  It does not model discrete flights.  The NetFM solution is able to estimate the effect of weather with and without accounting for reduced capacity.  While the NetFM solution cannot observe what actual usage would have been without weather, it can observe the difference between a weather day and a “similar” non-weather day.
Using hand drawn FCAs, FACE suggests rates per ¼ hour and displays that value on each segment of the FCA.  It suggests rates compared to historical FCA throughput, taking into account weather constraints.  Additionally, the NetFM model suggests minimum cost solutions to satisfy demand subject to available capacity. The FACE tool also models locations representing high-anticipated demand, anticipated demand exceeding 70% of capacity, the costliest capacity constraints, and where demand is expected to converge and funnel.  
Overall, the FACE tool allows users to dynamically draw Flow Evaluation Areas (FEAs)/FCAs and obtain rate-setting guidance per segment based on predicted traffic flow subject to available capacity.  Additionally, the tool will provide rate validation based on historical throughput while maintaining a pre-computed database of historical airspace usage (on regular arcs or sector pairs).  It enables filters based on origin, destination, center, physical class, and altitude and displays the distribution of historical throughput across a user-drawn FCA based on the selected filters.
General Discussion 

The first observation made is that none of what has been presented represents a theoretical capacity, but instead what has happened historically.  There needs to be further analysis on what caused certain flow rates on certain days.  Static FCAs (005, 008) were built five years ago on six year old data, but since traffic volumes are down 20%, Decision Support Tools (DSTs) need to show the capacity of the airspace looking forward. The DST’s should account for dynamic changes in the system.  Historical data is a good way to see what has done, but it doesn’t necessarily reflect what should be done moving forward.  Ultimately, DSTs need to support strategic planning.

The discussion led to a number of questions, many of which went unanswered.  What is the baseline measure from which reductions should be made?  Is free flow the best for achieving max capacity in an FCA, or will structure result in more efficiency?  Does the system have a higher capacity with a slight amount of structure vs. free flow?  If so, what is the cost?  Should optimized capacity be considered?  There needs to be a certain amount of order to find the optimum capacity level.  How would multiple FCA’s be used?  With new DST options for customizing FCA’s, should straight lines or polygons be used for FCA boundaries?
Structure allows greater throughput through limited flexibility.  However, allowing a flight to choose which “pipe” it can fly through does allow some flexibility while maintaining a certain degree of structure.  It is not “Chaos vs. Order”; it is dynamic structure and rigid structure.  And if structure is to be considered, then what are the elements of the structure? Preferred route, alternate route and decision point?  This leads to decisions being made on the fly.  Transitions to and from different routes and centers are part of the structure as well.  How does a flight get the alternative options with varying entry points?  There is a decision point roughly every 100 miles along the trajectory of the flight.  Who is making that decision?  When does it become the pilots’ and dispatchers’ decision?  Inside 300 miles, the Air Traffic Controller makes the decision for safety and traffic avoidance, while outside 300 miles the pilot, dispatcher, and traffic manager will make the call.  Decision points depend on forecast confidence and predictability and willingness to assume risk. 

Time will always be an element of the constraint when it comes to weather growth and decay predictability.  Time is also an element of capacity based on the severity of the constraint in the FCA.

Finally the discussion was directed to define FCA capacity. Whatever decision support tool that exists needs to show the capacity availability of the airspace.  As more automation comes online to eliminate voice communications, more capacity can be used within the system.FCA capacity is defined as the available throughput given the following conditions:

· Fair Weather
· VFR

· No Constraints

· No Filters

A brainstorming session led to the following list of items as elements of FCA capacity, while still adhering to safety standards:

· Complexity 
· Conflicts 
· Crossing Flows, Spacing & Merging

· Number of Altitudes (Available/Desired)

· Number of Transitions
· Constraints

· Weather

· Volume
· Equipment
· Staffing Levels

· Structure

· Boundaries

· Floor/Ceiling

· Filters 


· Altitude

· Direction

· Equipment

· Procedures (Purpose Oriented)
· Automation
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