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 Abstract – This paper presents a methodology and 
algorithm for Air Traffic Control (ATC) to efficiently achieve 
schedules arrival times through speed control in the presence 
of uncertainty. The methodology does not assume the 
availability of airborne time of arrival control and can 
therefore be applied to legacy aircraft. The speed advisories 
are calculated in a manner that allows for sufficient control 
margin to, if required, adjust the aircraft’s trajectory at a later 
stage to correct for estimated arrival time drift at the lowest 
impact to efficiency. The methodology is therefore envisioned 
to prevent major last-minute interventions and instead assists 
ATC in allowing more continuous descent approaches to be 
conducted by aircraft leading to more efficient operations. 
 
       Index Terms:  Air Traffic Management; Air Traffic Control; 
Operational Concept; Arrival Management  
 

I.  INTRODUCTION 

 Much attention is given around the world to develop a 
concept of operations that improves on current arrival 
management by allowing onboard automation to conduct a 
descent along an efficient profile that better reflects the user 
intentions and preferences. Due to limited predictive support 
to ATC, sequencing actions are performed close to the 
destination, thus impacting on such a preferred descent 
profile. An improvement to this situation would be if 
sequencing actions were performed earlier, when the aircraft 
is still cruising, allowing the flight crew to efficiently adopt 
any constraints into the planned descent trajectory.  
 

With this objective, both SESAR and NextGen propose 
that aircraft will be assigned a time at a metering point 
which they must achieve within a tight tolerance [1; 2]. 
Modern Flight Management Systems (FMSs) can adopt 
such an assigned time while optimising the descent profile 
and provide closed-loop control to meet the time constraint 
(Required Time of Arrival (RTA) functionality). In order to 
do this, the control variable in the aircraft’s operation used 
to attain the assigned time, is speed. Any unexpected speed 
change by an aircraft will cause increased workload to a 
controller as the impact of such a change is assessed [3; 4]. 
In addition it will take significant time before, and if, all 
aircraft will be equipped with this functionality.   
 

At the 2012 ATOS conference in Delft, The 
Netherlands, we presented an operational concept for arrival 

management using multiple metering points strategically 
chosen along an aircraft’s trajectory [5]. The concept 
envisions aircraft conducting a continuous descent based on 
a consistent speed schedule instructed by ATC and relies on 
current FMS descent guidance strategies available on most 
modern commercial aircraft. ATC is subsequently supported 
by accurate ground-based trajectory prediction to manage 
the temporal uncertainty though metering at the strategically 
chosen points along the intended trajectory of the aircraft. 
 

This paper supports the above concept with a detailed 
discussion of the sequence resolutions chosen to effect the 
multi-stage metering. In particular it will discuss how a 
ground-based Decision Support Tool relying on accurate 
trajectory prediction could generate speed advisories to 
deliver individual aircraft at the metering points within 
allowed tolerances.  
 

 II. BACKGROUND  

To enable a continuous descent to occur for an aircraft, 
it must be sequenced and facilitated with all other 
operations. To enable the aircraft automation to operate to 
the threshold without route discontinuities and manual pilot 
intervention, a structured terminal area (TMA) with runway-
linked Standard Terminal Arrival Routes (STARs) is 
desirable. A defined lateral path to the threshold enables the 
FMS to compute a continuous descent profile within a set of 
given constraints (e.g. speed and altitude constraints). 
Therefore to allow the FMS to plan and conduct a 
continuous descent, the aircraft it must be sequenced well 
prior to Top of Descent (TOD) and thus enabling its descent 
to be continuous but at a time desired by ATC.  

 
Erzberger et al. of NASA were one the first to propose 

an automated concept to traffic management in the TMA in 
the 1980’s [6; 7]. A scheduler generates the landing 
sequence and associated conflict-free landing times. The 
concept envisions that conflict-free landing times will be 
uplinked to sufficiently equipped aircraft for which the 
onboard automation determines the appropriate control 
commands (e.g. RTA). For the unequipped aircraft a 
ground-based system determines the appropriate commands 
to meet the conflict-free arrival time, which are 
subsequently communicated via voice to the pilot. Based on 



this principle the Efficient Descent Advisor (EDA) was 
developed by NASA [8]. EDA has been used to assist the 
Tailored Arrivals program in San Francisco (SFO) where a 
route clearance to the runway threshold, complete with 
altitude crossing constraints, was uplinked to qualifying 
aircraft [9]. These aircraft were subsequently allowed to 
perform an idle-thrust descent while meeting these 
constraints. EDA determined the speed schedule (cruise 
Mach and descent Calibrated Airspeed (CAS)) in order to 
meet the arrival time as set by the arrival manager. 

 
Based on the principle of EDA, the Speed And Route 

Advisory (SARA) function has been developed for 
Amsterdam Schiphol Airport. The objective of the SARA 
function is to deliver advisories on speed and/or routing in 
order to achieve a predetermined time at the Initial 
Approach Fix (IAF) [10]. At first only speed advice is 
attempted in order to achieve the required IAF time. If 
speed only does not suffice additional track miles are added. 
Operational trials demonstrated benefits, however because 
of Amsterdam’s complex airspace structure, speed 
advisories could often only be given after the aircraft had 
commenced descent [11]. Any speed advisories given are 
then too late for the FMS to appropriately adopt into the 
descent profile.  

 
Speed advisories given around or just after TOD only 

provide limited sequence resolution to a TMA entry point. 
Often much larger delays need to be absorbed by aircraft to 
fit in their landing slot, thus calling for coarse sequencing to 
be performed prior to TOD. 

 
III. MULTI STAGE METERING  

In Australia a concept is being researched in which in 
aircraft are being sequenced to their runway slot time 
though metering at multiple strategically chosen points 
along the aircraft’s trajectory [5]. In addition to the 
traditional Metering Fix at Terminal Area (TMA) entry, a 
new sequencing point in the final phase of cruise called the 
Outer Fix is introduced. The outer sector controller will 
achieve the scheduled Outer Fix time through (cruise) speed 
change and if necessary path stretching. At or prior to 
reaching the Outer Fix the aircraft will be advised with a 
revised descent speed schedule to achieve the scheduled 
Metering Fix time. Beyond the Metering Fix precise 
sequencing in the form of radar vectoring will be applied if 
necessary to fine-tune the sequence at the runway threshold 
and maintain runway capacity. 
 

The process will be further illustrated by means of an 
example. In Fig. 1 an aircraft is at a point prior to descent 
and from its current position, path and speed a Trajectory 
Predictor (TP) calculates an Estimated Time of Arrival 
(ETA) for the Outer Fix, Metering Fix and the runway 
threshold. Effectively, the dashed line provides a reference 
to the ETA at a particular position ahead of the aircraft 
continuous with distance. These estimates contain some 
uncertainty as the models for aircraft intent, aircraft 
performance model and forecast weather are not perfect. 
The uncertainty can be statistically quantified through 

historical performance of the respective TP [12]. The 
shaded area provides an indication of the uncertainty, 
quantified as the historical 95% containment area, as it 
grows with prediction horizon (distance away from current 
position). These models are similar to those developed by 
EUROCAE Working Group 85 (WG85) for ETA 
uncertainty in both open loop and closed loop (RTA) 
operations based on the sources of this uncertainty [13; 14]. 

 
Suppose the aircraft in Fig 1 is assigned with a 

scheduled time of arrival (STA) at the runway threshold by 
the arrival manager. From this STA, subsequently STAs for 
the Metering Fix and Outer Fix can be derived based on a 
nominal speed schedule. Similar to the line indicating the 
ETA continuous with distance, a line can be added to 
indicate the STA continuous with distance; this continuous 
STA coincides at the Outer Fix and Metering Fix with the 
respective discrete STA values. Therefore in Fig. 1, the 
STA lines provide an indication of where the aircraft should 
be in order to be ‘on schedule’. In the example the ETA line 
is above the STA line and hence currently the aircraft is late.  
Previously the different tolerances for the Outer Fix, 
Metering Fix and runway threshold were presented and are 
these are also indicated in Fig 1.  

 
In the proposed concept, a speed schedule amendment, 

and if necessary a route amendment, are issued to affect the 
delay into the outer fix (Fig. 2). With speed (and route) 
advisory, the aircraft’s ETA line now coincides with the 
RTA line. However because it is so far out – prior to 
descent – the prediction uncertainty delta of the estimate at 
the runway and Metering Fix is larger than the target time 
window. However in terms of the Outer Fix the uncertainty 
is entirely contained within the tolerance because of the first 
sequence instruction. Therefore the aircraft is permitted to 
proceed without further intervention to at least the Outer 
Fix, and with the expectation of a continuous descent 
thereafter. But as the uncertainty at the Metering Fix is 
larger than the tolerance, the descent speed for that 
continuous descent might have to be adjusted. The situation 
would need to be monitored by the controller assisted by 
ATC automation until the aircraft comes close enough to a 
target window (e.g. Metering Fix) such that the uncertainty 
for its respective estimate is entirely contained within the 
tolerance. Practically what it means is that if the uncertainty 
is not fully contained within the target window, there is a 
probability larger than 5% that any sequence instruction 
derived by the TP is not effective (refer to WG85 ETA 
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Figure 1: Aircraft assigned with STA. 
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uncertainty modelling activities [13; 14]). 

Now consider Fig. 3, the aircraft has progressed and the 
ETA has drifted away from the STA as there is no closed-
loop control in the time dimension. Still the aircraft will 
achieve the target window at the Outer Fix within 
acceptable buffer but not the Metering Fix. Therefore an 
adjustment in speed schedule will be derived by the TP and 
delivered to the aircraft to shift the ETA at the Metering Fix 
to the STA (Fig. 4). The applied speed should be maintained 
until mandated speed changes e.g. 250 knots CAS (KCAS) 
below ten thousand feet. This intervention issued before 
TOD will enable an efficient and continuous descent at a 
speed that puts the aircraft back into the defined sequence 
position and the aircraft is allowed to conduct an efficient 
continuous descent. Lateral path amendments after TOD 
should be avoided to maintain the integrity of a structured 
TMA. 

The aircraft in Fig. 5 will achieve the Metering Fix 
within the target window but will be outside the target 
window for the threshold (early). Consequently the aircraft 
will require TMA speed adjustment or minor radar 
vectoring to achieve the time at the runway. This radar 
vectoring, if required, is envisioned to be a small adjustment 
within the circuit area and should occur before the start of 
an instrument approach or RNP arrival procedure. 

Note that while multiple sequence actions might occur, 
the STA for the aircraft has not changed, like the STA for 
all the other aircraft in the sequence have not changed; ATC 
is operating to a consistent plan as set by the arrival 
manager, which can operate to a larger sequence horizon. 

In summary, sequence resolution will be a three phase 
approach (if necessary):  

1. Coarse sequencing or the largest delay occurring 
before the Outer Fix and descent commencing. 
Note there is scope to enhance by rough 
sequencing by ground delay programmes.  

2. Fine sequencing by assigning a specific descent 
speed so the aircraft automation adjusts its descent 
point and path to cross the Metering Fix at the 
desired time. 

3. Precise sequencing using radar vectoring similar to 
techniques of today but expected to be used far less 
often due to the tighter sequencing to the Metering 
Fix. 

 
For this multi-stage long distance sequencing, it is 

anticipated that ATC will be assisted in providing effective 
sequence resolution actions by appropriate automation in 
the form of Decision Support Tools (DSTs) like EDA and 
SARA. This paper will present the logic required for such 
automation systems in generating efficient and effective 
sequence resolutions. 
 

IV. EFFICIENT ABSORPTION OF DELAY  

To resolve delay, ATC can change an aircraft’s 
trajectory in several ways. From an efficiency perspective 
the preferred order in which to absorb delay is through first 
speed reduction, then flight level changes, and finally path 

stretches and holding [15; 16]. The main focus in this paper 
will be on the use of speed reduction to achieve a delay.  

Speed reduction consists of two degrees of freedom: 
cruise Mach number and descent CAS. To reduce 
dimensionality, it is convenient to assume a particular 
relationship between cruise Mach and descent CAS. For 
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Figure 2: Sequence instruction into Outer Fix affected. 
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Figure 3: Aircraft late, but within time window at Outer Fix 

but not at Metering Fix. 
 

Time

Distance Outer 
Fix 

TOD Runway

ETA=
STA 

60s

60s

30s 

30s 
10s 
10s 

 
Figure 4: Sequence instruction into Metering Fix affected. 
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example, EDA assumes a proportional linear relationship 
between cruise Mach and descent CAS changes to reduce 
iteration to a single parameter [7]. While this linear 
relationship provides a single, convenient, and 
computationally fast rule of thumb, the relationship between 
cruise Mach and descent CAS leading to minimum fuel burn 
for a given flight time is however non-linear [16]. Thus by 
assuming a linear relationship, non-optimal speed schedules 
can result. Modern FMS use Cost Index (CI) alteration to 
find the appropriate combination of cruise Mach and 
descent CAS to meet a time constraint [17]. Changing the 
CI changes the relationship between fuel costs and time 
costs resulting in different target speeds to be derived [15]. 
Effectively, the CI takes the role of the parameter coupling 
cruise Mach and descent CAS in a non-linear relationship.  

The relationship of CI between cruise Mach and descent 
CAS within the FMS is proprietary and therefore not 
publically available. In the next sections simulations will be 
performed to empirically derive a robust non-linear 
relationship that approximates the optimal coupling between 
cruise Mach and descent CAS. 

 
 V. PROBLEM STATEMENT 

This paper presents a generic methodology that can be 
applied to provide efficient speed advisories. These speed 
advisories will be issued when the aircraft is still on cruise 
and therefore contain sufficient control margin to allow for 
adjustments required at a later stage. Objective is to find the 
relationships that couple the various degrees of freedom 
available to provide sequence resolutions into a single 
variable, the cruise Mach number, while respecting these 
objectives and constraints. The found relationships can 
subsequently be used by a Decision Support Tool to 
generate sequence resolution advisories to meet a certain 
STA while iterating in a single variable, as represented by 
the sequence resolution logic in Fig. 6. 

 
VI. SIMULATION SCENARIO 

The scenario studied for the simulations is an aircraft 
appearing at a sequence horizon of 250NM from the 
destination cruising at FL380. For a range of cruise mach 
numbers and descent CAS, the flight time and fuel burn for 
these final 250NM are determined. The following intent is 
assumed based on generic operations: 

 Cruise Mach number is propagated into the descent 
and held until crossover occurs to the descent CAS. If 
the descent CAS is lower than the CAS resulting from 
the cruise Mach number at cruising altitude, a slope 
deceleration is modelled at -1000ft/min.  

 A generic TMA 250KCAS speed constraint is 
modelled at 10,000ft. The deceleration from the 
descent CAS to 250KCAS is modelled by a slope 
deceleration at -500ft/min (if deceleration is required). 
If a combination of Mach and CAS results in cross-
over below 10,000ft, the combination is ignored as 
operationally impracticable.  

 A 180KCAS speed constraint is modelled at 3,000ft 
affected by a -500ft/min slope deceleration 
accompanied by appropriate flap selection. 

 From 3,000ft a -3 degree slope is modelled to the 
runway threshold along which the aircraft is allowed to 
decelerate to 140KCAS accompanied by appropriate 
flap selection. 

The aircraft assumed in the simulations is a Boeing 
737-800 (B738) with initial mass of 63,000kgs. The aircraft 
performance calculations are based on models provided by 
Boeing Research & Technology Europe (BR&TE), which 
are of similar nature to the EURCONTROL Base of Aircraft 
Data (BADA) 4 models. Finally, International Standard 
Atmosphere (ISA) conditions are assumed. 

 The solution space of allowed airspeeds is bounded by: 
 

,015.003.0
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where MOV  is the maximum operating CAS, buffetM  the 

buffet limit and MOM the maximum operation Mach. The 

lower limit of 230KCAS was chosen in accordance with the 
range speeds currently instructed by ATC. The margin on 
the buffet limit is purposely larger as of the uncertainty 
related to this figure (derived from aircraft performance 
model and mass dependent).  

The trajectories were simulated with use of an 
experimental trajectory predictor ATP developed by 
Airservices Australia. ATP is a high fidelity trajectory 
predictor based on the Aircraft Intent Description Language 
(AIDL) developed by BR&TE [18] . 

  
VII. RESULTS 

Fig. 7 provides the solution space for a fixed flight 
distance of 250NM and the intent described in the previous 
section for the airspeeds bounded by (1). The lower left 
corner does not contain any data as these combinations of 
Mach and CAS would result in a cross-over altitude below 
10,000ft. The colour provides an indication of the fuel burn 
(in kilograms), and the contour lines of the flight time (in 
minutes). The red line connects the Mach and CAS 
combinations that resulted in the lowest fuel burn for a 
given flight time. It is quite evident this optimal relationship 
is non-linear. Assuming a nominal speed schedule of 
M.78/280KCAS one can see that to resolve delay, the 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Sequence Resolution Process Model. 
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optimal solution is initially much more sensitive to descent 
CAS changes than to cruise Mach changes. This is believed 
to be consistent with current RTA algorithms in the FMS 
where the descent speed is more sensitive to Cost Index 
alteration than the cruise Mach number (when within close 
range of destination). 

The shape of the optimal solution line suggests an 
exponential fit can be made to couple Mach and CAS. To 
model the initial constant segment without the need of 
piece-wise fitting, the choice was made for a second order 
exponential fit of the following form 
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The values for offsetVCAS  and offsetM  are chosen such that 

the second term in (2) nearly passes the origin for the valid 
Mach range. Therefore, in general 
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A linear least squares fit can easily be obtained by 
transforming (2) to 

 

     2321CASCAS lnln offsetoffsetoffset MMcMMccVV  .  (4) 
 

It is because of the logarithm in (4), that (2) cannot 
exactly pass the origin of the valid speed range. 

It is important to note the region of lowest fuel burn 

Fb  possible is a very flat (low CAS/ dVdFb  and 

dMdFb / ). Since the change in fuel burn over this region 
is very small (in the order of a few kg), any errors in the fit 
in that region will not cause any significant impact to fuel 
burn. Therefore a smaller weighting is applied in this region 
to make the fit better match the data in areas with higher 
fuel burn derivatives. 

To observe how the general trend for the minimum fuel 
burn line varies with altitude, the model was run again from 
an altitude of 30,000ft to 40,000ft, in intervals of 2,500ft. 
Shown below in Fig. 8 is the resultant plot of this minimum 
fuel burn line for these initial altitudes. For each of the 
altitudes a fit was made as indicated by the green line. 
Again note the large difference between the fit (green) and 
the simulation minima (blue) in the lowest fuel burn region, 
but again the impact on fuel burn is not significant as of the 
low derivatives of fuel burn with airspeed. 

An attempt was made to find a fit for the coefficients in 
(2) with altitude to define the entire problem analytically. 
This proved not to be successful due to the high sensitivity 
of (2), being second order exponential, to changes in the 
coefficients. Instead, the model was run for the range of 
initial altitudes FL270-FL410. As example, the coefficients 
for the B738 are presented in Table I.  

Equation (2) supported by the coefficients in Table I 
provides the wanted relationship between cruise Mach and 
descent CAS for optimal delay absorption through speed 
control only. 

The coefficients of Table I were derived for still wind 
conditions. To test this relationship for robustness against 
wind profiles, the simulation were once again run for both a 

 
Figure 7: Solution space for B738/250NM/FL350. 
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Figure 8: Solution space for B738/250NM/FL300-FL325-
FL350-FL375-FL400 (blue: simulation minima; green: fit). 

 

TABLE I 
COEFFICIENTS FOR OPTIMAL MACH/CAS RELATIONSHIP (B738) 

Coefficients Altitude 

1c [kts] 2c [-] 3c [-] offsetVCAS
[kts]

offsetM [-]

FL270 4.50E-01 4.48E+00 4.20E+01 229.5 0.466 
FL280 4.44E-01 6.17E-01 5.87E+01 229.5 0.480 
FL290 4.58E-01 4.02E+00 5.03E+01 229.5 0.494 
FL300 4.34E-01 1.37E+00 6.64E+01 229.5 0.510 
FL310 4.75E-01 -2.63E+00 8.34E+01 229.5 0.518 
FL320 5.77E-01 -1.11E+01 1.26E+02 229.5 0.536 
FL330 6.04E-01 -1.08E+01 1.41E+02 229.5 0.556 
FL340 7.08E-01 -2.24E+01 2.05E+02 229.5 0.567 
FL350 6.85E-01 -2.37E+01 2.45E+02 229.5 0.590 
FL360 7.40E-01 -3.04E+01 3.10E+02 229.5 0.603 
FL370 6.05E-01 -2.32E+01 3.47E+02 229.5 0.628 
FL380 5.26E-01 -1.65E+01 3.58E+02 229.5 0.641 
FL390 3.82E-01 6.53E+00 3.74E+02 229.5 0.672 
FL400 3.54E-01 3.08E+01 2.90E+02 229.5 0.689 
FL410 2.53E-01 8.62E+01 -9.65E+01 229.5 0.709 



headwind and tailwind scenario. In both cases a linear 
changing wind with altitude was assumed with zero wind on 
the ground and 100kts wind at FL410. Fig. 13 till Fig. 21 (in 
the appendix) show the solution spaces for FL300, FL350 
and FL400 for headwind, no wind and tailwind cases. The 
optimal relationship (2) has also been added for comparison 
against the simulation minima. As expected, the addition of 
wind has a significant impact on the range of flight times. 
But, as can be observed, the relation of optimal Mach and 
CAS coupling is not that sensitive to wind. The relationship 
(2) provides an adequate approximation of the simulation 
minima as differences in fuel burn are not significant. This 
is a fortunate finding as it appears that (2) with the 
coefficients from Table I can be applied irrespective of the 
wind conditions without significant impact.  

 
VIII. INTEGRATION WITH PROPOSED CONCEPT 

As demonstrated by the results of the previous section, 
mostly the descent speed is changed to absorb delay 
optimally, meaning most of the delay absorption will occur 
during the final phases of flight leaving cruise speed fairly 
unchanged. If cruise conditions prove to be different to 
forecast such that the original delay needs to be adjusted, 
there might be little freedom left to change descent speed to 
achieve the adjusted delay in an efficient manner without 
reverting to conventional sequencing techniques such as 
open loop vectoring. Secondly, the use of speed control only 
might not be optimal as at some threshold point it becomes 
more efficient to perform path stretching than slowing the 
aircraft further down. In this section these two aspects will 
be addressed in terms of the proposed concept. 

As discussed earlier in this paper, the proposed multi 
stage metering concept envisions that coarse sequencing is 
affected in the final cruise phase of flight. Suppose the 
horizon for this coarse sequencing is 250NM. If for the 
moment it is assumed that speed schedule alteration 
provides enough freedom to resolve delay, an approximate 
optimal solution can be found from the relationship derived 
in the previous section. If this solution is provided to the 

aircraft at 250NM out, and given this solution is in the form 
of a speed constraint (open-loop) rather than a time 
constraint (closed-loop), the estimated time of arrival can 
still drift while the aircraft is progressing to its destination 
as previously discussed and illustrated by Fig. 4. The 
concept allows a maximum deviation of 60 seconds from 
the STA over the Outer Fix. This deviation should 
subsequently be corrected by an amendment in the speed 
schedule to affect the sequence into the Metering Fix. 
Practically this means that when the first speed instruction is 
derived at 250NM out, a sufficient ‘control margin’ should 
be respected to allow for a maximum 60 seconds adjustment 
by speed schedule amendment at the Outer Fix. Effectively 
this control margin reduces the solution space previously 
introduced. 

The control boundaries can be determined by 
establishing the solution space at the Outer Fix horizon. 
Knowing the maximum and minimum flight time from the 
Outer Fix to the threshold (assuming nominal TMA 
transition), the Mach and CAS combinations can be 
determined that result in 60 seconds less than maximum, or 
60 seconds more than minimum flight time. Such 
combinations were determined for the same range of initial 
cruising altitude (FL270-FL410), null wind, and the linear 
headwind/tailwind introduced earlier.  

It must be noted that the dependency of the control 
boundary relationships on wind is much stronger than the 
optimal Mach/CAS coupling as represented by (2) and 
Table I. However if the effect of coupling between the 
aircraft dynamics and the wind gradient can be neglected, 
the effect of wind on the control boundaries is not 
dependent on the shape of the wind profile, but on the 
integration of that profile. Therefore an averaged value for 
the wind effect can be determined from a (forecast) wind 
profile on descent by 
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where the factor ‘2’ accounts for the model-assumed linear 

varying wind from null wind on the ground to crsw at cruise 

conditions. 

Regression techniques were applied to find a 
continuous relationship describing these control boundaries, 
a third order fit was found to provide sufficient accuracy, 
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TABLE II 
COEFFICIENTS FOR CONTROL BOUNDARIES AT OUTER FIX (B738) 

  High speed boundary 
(+60 s) 

Low speed boundary  
(-60 s) 

d0 [kts] 6.58E+03 1.52E+03 
d1 [kts/ft] 3.68E-01 -3.06E-02 
d2 [-] -5.46E+00 1.13E-01 
d3 [kts] -3.91E+04 -4.51E+03 
d4 [kts/ft2] 1.18E-06 2.01E-06 
d5 [kts-1] 9.99E-05 -1.98E-05 
d6 [kts] 7.05E+04 8.79E+03 
d7 [ft-1] -1.43E-04 -4.15E-05 
d8 [ft-1] -1.02E+00 -9.23E-02 
d9 [-] 1.98E+01 2.17E+00 
d10 [kts/ft3] 0 0 
d11 [kts-2] 0 0 
d12 [kts] -3.95E+04 -8.25E+03 
d13 [ft-1] 1.83E-04 5.02E-05 
d14 [ft-1 kts-1] 0 0 
d15 [kts/ft] 7.04E-01 2.34E-01 
d16 [ft-1] 0 0 
d17 [kts/ft2] -1.52E-06 -3.23E-06 
d18 [-] -1.64E+01 -2.77E+00 
d19 [kts-1] 0 0 



where 
crspH is the initial cruising altitude and crsw  the 

headwind/tailwind at cruise conditions. The coefficients id  

for the B738 are given in Table II. 

Fig. 9 is similar to Fig. 7 but now the control margins 
for 60 seconds adjustment at the Outer Fix are introduced 
(dotted white lines). The area of applicability of the optimal 
Mach/CAS coupling has reduced. Upon reaching the control 
boundaries, speed control can still be applied to absorb 
more delay (or further speed up), but the approximate-
optimal relation can no longer be followed. Instead, at the 
intersection, the control boundary needs to be followed to 
provide optimal time adjustment within the applied 
constraints (Fig. 10). Theoretically, the control boundary, or 
constraint, is now providing the line of lowest dTdFb / . 

 As mentioned previously, there is a threshold point 
after which it is no longer efficient to absorb delay by speed 
control, and instead path stretching should be applied. This 
threshold point is given by the Mach/CAS combination 
leading to the lowest fuel burn, which is the speed schedule 
for optimum range, or zero Cost Index. In Fig. 10 this point 
is illustrated by the star as the speed schedule with lowest 
fuel burn along the approximate-optimal relation (2). Note 
that the cruise Mach number in this speed schedule can be 
different to the economy cruise speed due to the 
contribution of the descent. As a rule of thumb, the 
following relation was empirically determined for the Mach 
number below which path stretching instead of further 
speed control should be applied as to optimally absorb 
further delay, 

2
210 ppSWITCH HgHggM  . (6) 

The coefficients for the B738 are provided in Table III. 
Obviously, the ability to path stretch might be limited due to 
operational constraints and other traffic, and in such a case 
the further speed control should be applied. 

 When an aircraft is required to speed up, there is 
little more time that can be gained by following the upper 
boundary as illustrated by Fig. 10. Practically, this means 
that when the upper boundary is reached, an aircraft can still 

be sped up, and if done so, there might not be enough 
flexibility left to speed the aircraft further up in a later stage 
of the flight to correct for estimated arrival time drift. In 
such a case the aircraft might not be able to meet the 
original STA at the runway threshold and requires being re-
sequenced. This creates instabilities in the sequence as also 
other aircraft require being re-sequenced. 

 In the appendix of this paper the solution space 
based on the derived relations is provided for a number of 
cruising altitudes. Similar to before, the headwind (HW) 
and tailwind (TW) cases have been modelled based on a 
linear changing wind from null wind on the ground to 
100kts wind at FL410. In addition a null wind (NW) case 
has been modelled. 

With all relations determined, the algorithms to find 
sequence resolutions in terms of the proposed concept can 
be finalised. As proposed by the concept a first sequence 
resolution will be provided near the proposed arrival 
manager horizon of 250NM. Fig. 11 provides an overview 
of the algorithm in terms of the relations previously derived 
in this paper. In essence finding the sequence resolution is 
performed by iterating a single variable, the cruise Mach 
number, with which the other variable, descent CAS, is 
related such that the fuel burn is minimised within the given 
constraints. These constraints are related to allowing 
sufficient control margin to adjust the trajectory once again 
closer to destination as of natural drift in the ETA. The 

parameters LWRM and UPRM  are the Mach numbers at 

which the optimal relation (2) intersects the lower and upper 
boundary relations (4) respectively, 
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Figure 9: Solution space for B738/250NM/FL350 with control 

boundaries. 

  
Figure 10: Optimal solutions for B738/250NM/FL350 with 

constraints. 

TABLE III 
COEFFICIENTS FOR PATH STRETCH SWITCH (B738) 

  Coefficients  
g0 [-] -3.38E-01 
g1 [ft-1] 5.42E-05 
g2 [ft-2] -6.60E-10 



A second sequence resolution occurs at the Outer Fix to 
account for drift in the ETA or other unforeseen changes. 
By use of the algorithm in Fig. 11, sufficient control in 
terms of descent speed adjustment should be available such 
that no adjustment to the lateral path is required. As 
discussed previously, adjustment of the lateral path after 
TOD should be avoided to maintain the integrity of a 

structured TMA. The sequence resolution provided at the 
Outer Fix therefore simply follows the optimal relation (2); 
the algorithm is presented in Fig. 12.  

With the revised descent speed it is envisioned that the 
scheduled time at the Metering Fix at TMA entry is met 
within 30 seconds tolerance. Precise sequencing to closely 
meet the scheduled time at the threshold can be performed 
by small TMA speed adjustments or radar vectoring in the 
circuit area (if possible and at minimum), however not 
detailed in this paper. 

The previous derived relations and coefficients are 
dependent on aircraft type. This paper used the B738 to 
illustrate the methodology, but it can easily be extended to 
include different aircraft types, or aircraft families. In the 
appendix of this paper coefficients are provided for the 
Boeing 777-300 (B773) and Boeing 767-300 (B763) to 
illustrate this. 

Note that the presented methodology focuses on the 
relationship between the different degrees of freedom 
available to provide sequence resolutions, e.g. cruise Mach, 
descent CAS, and path stretch. The simulated simplified 
operations were only used to derive these relationships; the 
associated calculated flight times are therefore just an 
indication and should not directly be used by the DST. 
Instead, the DST is envisioned to apply an iterative process 
using a high fidelity trajectory predictor and the derived 
relationships to find the required trajectory adjustment to 
match an aircraft’s predicted arrival time with the scheduled 
arrival time (Fig. 6).  

IV.  CONCLUSION  

 This paper presented a methodology and algorithm to 
provide speed advisories to meet a certain scheduled arrival 
time at the destination. The methodology provides a generic 
algorithm and relations that allow for the iteration in a 
single variable, cruise Mach number, to find a speed 
schedule meeting the scheduled arrival time, while 
minimising fuel burn and allowing sufficient control 
margin. This control margin is required to allow for possible 
later adjustments to account for time drift. In combination 
with a proposed multi-stage arrival metering concept, this 
methodology enables aircraft to be sequenced for arrival by 
instructing a descent speed schedule and allowing them to 
perform a continuous descent without relying on airborne 
capabilities to actively control to an arrival time. 

The presented methodology provides sequence 
resolutions for individual aircraft. These resolutions will 
need to be considered in the context of a multitude of 
aircraft to provide separation assurance and can possibly be 
integrated with automated conflict detection tools. 
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Figure 11: Algorithm for sequence resolution at 250NM 
horizon. 
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Figure 12: Algorithm for sequence resolution at Outer Fix. 



APPENDIX 

 
Figure 14: Solution space  

B738/250NM/FL300 (NW). 

 
Figure 13: Solution space  

B738/250NM/FL300 (HW). 

 
Figure 15: Solution space  

B738/250NM/FL300 (TW). 

 
Figure 16: Solution space  

B738/250NM/FL350 (HW). 

 
Figure 18: Solution space  

B738/250NM/FL350 (TW). 

 
Figure 17: Solution space  

B738/250NM/FL350 (NW). 

 

TABLE VI 
COEFFICIENTS FOR B763 

Altitude Coefficients for Optimal Mach/CAS Relationship Coefficients for Control Boundaries 

 
1c [kts] 2c [-] 3c [-] offsetVCAS [kts]

offsetM [-]   High speed boundary 
(+60 s) 

Low speed boundary  
(-60 s) 

FL270 3.16E-01 1.52E+01 8.46E+00 229.5 0.478 d0 [kts] 1.14E+04 8.13E+02 
FL280 3.51E-01 1.16E+01 2.09E+01 229.5 0.493 d1 [kts/ft] 2.47E-01 2.58E-02 
FL290 4.54E-01 -5.28E-01 5.98E+01 229.5 0.501 d2 [-] -7.18E+00 -6.84E-02 
FL300 5.01E-01 -4.27E+00 7.72E+01 229.5 0.518 d3 [kts] -5.01E+04 -3.90E+03 
FL310 6.33E-01 -1.33E+01 1.10E+02 229.5 0.527 d4 [kts/ft2] 8.62E-07 1.11E-07 
FL320 6.64E-01 -1.63E+01 1.33E+02 229.5 0.547 d5 [kts-1] -9.77E-03 -3.83E-04 
FL330 6.49E-01 -1.60E+01 1.40E+02 229.5 0.558 d6 [kts] 7.36E+04 7.36E+03 
FL340 6.17E-01 -1.49E+01 1.46E+02 229.5 0.570 d7 [ft-1] -4.29E-04 -5.05E-05 
FL350 5.32E-01 -9.85E+00 1.39E+02 229.5 0.582 d8 [ft-1] -6.55E-01 -7.65E-02 
FL360 4.75E-01 -5.47E+00 1.37E+02 229.5 0.595 d9 [-] 3.43E+01 3.17E+00 
FL370 4.56E-01 -3.34E+00 1.43E+02 229.5 0.607 d10 [kts/ft3] 0 0 
FL380 3.76E-01 6.83E+00 1.35E+02 229.5 0.634 d11 [kts-2] 2.58E-04 -5.40E-05 
FL390 3.08E-01 1.70E+01 1.11E+02 229.5 0.648 d12 [kts] -3.54E+04 -4.02E+03 
FL400 2.81E-01 2.97E+01 6.88E+01 229.5 0.664 d13 [ft-1] 3.89E-04 1.06E-04 
FL410 2.05E-01 5.11E+01 -2.67E+01 229.5 0.682 d14 [ft-1 kts-1] -6.01E-08 -1.59E-09 

d15 [kts/ft] 7.71E-01 1.42E-01 
Coefficient for Path Stretch Switch 

d16 [ft-1] 0 0 
  g0 -1.16E+00  d17 [kts/ft2] -9.90E-07 -4.46E-08 
  g1 1.02E-04  d18 [-] -2.84E+01 -5.20E+00 
  g2 -1.32E-09  d19 [kts-1] 1.36E-02 5.98E-04 

 

 
Figure 19: Solution space  

B738/250NM/FL400 (HW). 

 
Figure 20: Solution space  

B738/250NM/FL400 (NW). 

 
Figure 21: Solution space  

B738/250NM/FL400 (TW). 
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TABLE VII 
COEFFICIENTS FOR B773 

Altitude Coefficients for Optimal Mach/CAS Relationship Coefficients for Control Boundaries 

 
1c [kts] 2c [-] 3c [-] offsetVCAS [kts]

offsetM [-]   High speed boundary 
(+60 s) 

Low speed boundary  
(-60 s) 

FL270 2.74E-01 2.04E+01 -3.89E+00 229.5 0.526 d0 [kts] 1.82E+03 5.36E+02 
FL280 3.56E-01 1.05E+01 4.11E+01 229.5 0.546 d1 [kts/ft] 1.56E-01 1.99E-02 
FL290 4.23E-01 1.83E+00 7.73E+01 229.5 0.557 d2 [-] -1.24E+00 2.76E-01 
FL300 3.92E-01 5.51E+00 7.29E+01 229.5 0.580 d3 [kts] -1.20E+04 -2.18E+03 
FL310 4.85E-01 -5.37E+00 1.26E+02 229.5 0.595 d4 [kts/ft2] 8.21E-07 1.79E-07 
FL320 4.65E-01 -2.74E+00 1.24E+02 229.5 0.610 d5 [kts-1] -1.15E-03 -8.88E-06 
FL330 4.87E-01 -6.37E+00 1.57E+02 229.5 0.626 d6 [kts] 2.29E+04 4.36E+03 
FL340 4.40E-01 -1.52E+00 1.84E+02 229.5 0.658 d7 [ft-1] -8.05E-05 -1.86E-05 
FL350 3.74E-01 1.32E+01 1.36E+02 229.5 0.677 d8 [ft-1] -4.23E-01 -6.50E-02 
FL360 3.68E-01 1.30E+01 1.48E+02 229.5 0.683 d9 [-] 6.01E+00 3.15E-01 
FL370 3.31E-01 2.26E+01 1.43E+02 229.5 0.703 d10 [kts/ft3] 0 0 
FL380 3.40E-01 4.41E+01 4.29E+01 229.5 0.725 d11 [kts-2] 0 0 
FL390 3.28E-01 4.52E+01 4.39E+01 229.5 0.727 d12 [kts] -1.30E+04 -2.63E+03 
FL400 3.29E-01 3.73E+01 1.16E+02 229.5 0.727 d13 [ft-1] 9.91E-05 2.02E-05 
FL410 4.33E-01 1.31E+02 -7.15E+02 229.5 0.778 d14 [ft-1 kts-1] 3.07E-08 -3.14E-09 

d15 [kts/ft] 7.71E-01 1.42E-01 
Coefficient for Path Stretch Switch 

d16 [ft-1] 0 0 
  g0 -7.96E-02  d17 [kts/ft2] -9.90E-07 -1.05E-06 
  g1 4.66E-05  d18 [-] -2.84E+01 -5.55E+00 
  g2 -6.04E-10  d19 [kts-1] 1.36E-02 -6.96E-05 

 


