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Fig. 4.13: Case 1 Platooning Capacity: No Amelioration

Fig. 4.14: Case 2 Platooning Capacity: No Amelioration
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Fig. 4.15: Case 3 Platooning Capacity: No Amelioration

Fig. 4.16: Case 4 Platooning Capacity: No Amelioration
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to the capacity level and then decreases. However, the uncongested portion of the curve

is not parabolic as in Greenshields. Instead, flow asymptotically approaches zero as speed

increases.

This is a result of the lack of free-flow speed. The capacity model developed here,

based on the collision model, does not consider a roadway’s design speed. Safety is only

considered based on safe-following distances. Therefore, this can be seen as the equivalent

of using the AIMSUM traffic simulation software with only the Gipps’ model for impeded

traffic, and ignoring the potential for unimpeded flow. In real-world scenarios, each roadway

would have a maximum safe traveling/design speed, though this value could be higher for

automated platooning lanes than for traditional roadways [19]. Therefore, once this design-

speed restraint is considered, flow increases in a roughly vertical line (independent of speed)

until flow starts to become impeded and car following beings. While not the focus of this

research, this consideration allows for the general pattern automated platooning flow to

more closely represent real-world traffic flow [36] and traditional flow modeling [27].

The differences in flow patterns created by the inclusion of platooning are addressed

in the following subsection. For the single autonomous vehicle scenario (Z = 1), the results

of this capacity model agree with those of AHS research, showing how autonomous, non-

platooning vehicles do not promise massive capacity improvements [19,64,65]. Even in the

high-performing Case 1, capacity is only 3,423veh/hr at vo = 22m/s. Since it is assumed in

the collision model that interplatoon delay is three times that of intraplatoon delay, the

delay between the autonomous vehicles in this case is set at 0.168 ∗ 3 = 0.504s. If we use

a 0.168s delay between these autonomous vehicles, capacity increases to 5,029veh/hr, also at

vo = 22m/s. However, as stated in Chapter 3, this capacity model provides capacity in an

ideal scenario of a free-flowing, straight lane, with no platoon merging nor splitting, lane

changing, or lane exiting/entering. Previous research indicated that these could reduce

capacity from 5% to 70% [94], which at the higher end would bring this value down to

current highway levels.
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Case 4 more closely represents current manually-driven vehicles, with a delay (reac-

tion time) of 1.2s. This is a commonly used value for unexpected maneuvers, such as an

emergency brake [103]. However, even with a relatively tight brake variance of −10 vs.

−7m/s2, capacity is only 1,878veh/hr at vo = 17m/s. A more realistic af of 5m/s2 would reduce

capacity to 1,568veh/hr at vo = 11m/s. Deviations from the free-flowing, isolated, straight

lane case would further degrade these values. However, it was expected that this capacity

model would return lower than observed values, since it demands a higher level of safety

than traditional roadways, where it has been estimated that drivers maintain only 60% of

the necessary minimum safe separations [19].

4.5.2 Effects of Platooning

Platooning fundamentally changes the flow behavior by adding another variable to

speed, density and flow, shifting it from a 2-dimensional to a 3-dimensional relationship.

While the difficulties inherent with merging and splitting are not the focus of this thesis and

are being addressed in other research, if it is assumed that average platoon size can vary as

a function of demand, then flow can be increased without a decrease in speed. For example,

assume that there is an AET roadway with a design speed of 30m/s with the parameters

given in Case 1. Vehicles could act independently in unimpeded conditions until demand

reaches 3,336veh/hr. Then, instead of decreasing speed to accommodate increased demand,

vehicles could begin platooning and maintain speed. Average platoon size could be two

vehicles until demand is 5,629veh/hr, three vehicles until demand is 7,302veh/hr, etc.

As seen with these values and in Figures 4.13-4.14, the marginal improvements in

flow decrease as platoon size increases. Figure 4.17 directly shows the flow marginals as

a function of platoon sizes for different speeds. This decreasing rate of return is due to

the decreasing contribution of interplatoon separations (Sip) to vehicle density and thus

flow. Conceptually, as Z → ∞, the system starts to approximate one of constant vehicle

separations based on the intraplatoon separation (Siv). Here, Equation 2.15 simplifies to
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Fig. 4.17: Marginal Increase in Capacity as a Function of Platoon Size

the traditional flow relationship to yield the maximum flow when Z →∞:

q = 3600
v

L+ Siv,ach
(4.2)

Therefore, while increasing platoon sizes can yield flow improvements, very large platoons,

such as greater than 20 vehicles, may not be necessary. Where v0 = 30m/s, the maximum

theoretical capacity is 18,000veh/hr according to Equation 4.2. Table 4.5 provides the pla-

toon size where 75% of this value can be reached for Cases 1-4 if no amelioration is used.

This shows that in general, stricter parameters (a higher-performing system) allow for high

capacity levels to be reached at lower platoon sizes. Where no amelioration is needed, as in

Case 1, relatively small platoon sizes can be sufficient.

Also as seen in Figures 4.13-4.16, vo increases proportionately as a function of Z; as

platoon size grows, the speed at which maximum capacity occurs increases as well. As with

the decreasing marginal returns on flow as a function of platoon size, this is a result of the

decreasing importance of Sip on determining flow for larger platoon sizes. Since Siv is fixed

at Siv,ach, the only vehicle separations that increase as a function of speed are interplatoon.
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Table 4.5: Platoon Size Required for 75% of the Theoretical Maximum Capacity: No
Amelioration

Case Platoon Size (Z)

1 13
2 15
3 21
4 28

For the theoretical case of infinite platoon size, there is no vo; flow increases linearly as a

function of speed as according to Equation 4.2.

4.5.3 Situations That Do Not Require Amelioration

As discussed in Section 4.3.2, relatively small delays and tight brake variances are

required to enable safe platooning, even where Siv,ach is set at the relatively low value of 1m.

Even tighter conditions are required if Siv,ach = 2m, the value assumed by AHS research for

intraplatoon separations in capacity calculations [19, 64, 65]. However, the combination of

a single vehicle type, check-in procedures, modern wireless communications, and improved

vehicle responses, both intravehicle delays and braking responses, promised by the AET’s

system of electric, collaborative platooning vehicles will provide superior delays and brake

variances. For the conditions, such as in Case 1, where no amelioration is needed, very high

capacity values are achievable. For Case 1, vo occurs at values greater than 65m/s for both

10 and 20 vehicle platoons. If we assume that capacity is instead limited by the roadway’s

design speed, set by at 30m/s, the capacities are 12,504veh/hr for Z = 10 and 14,757veh/hr for

Z = 20. For comparison, the maximum theoretical capacity for v0 = 30m/s is 18,000veh/hr

as given by Equation 4.2. The lowest possible capacity for cases where amelioration is not

needed occurs where Ttot = 0.14s and af = −7.62m/s2: at v0 = 30m/s, 12,265veh/hr and

14,730veh/hr for 10 and 20 vehicle platoons respectively. Therefore, we can conclude that

very high capacities, over 10,000veh/hr are attainable if the input parameters can ensure

safe platooning according to the collision model. Capacity in situations where platooning
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is initially unsafe is addressed in the following section.

4.6 Capacity When Platooning Is Initially Unsafe

This section addresses the effects of amelioration on capacity. It first gives flow as a

function of speed for different platoon sizes using different amelioration protocols on Cases

2-4. It then provides an analysis of the flow characteristics of platooning vehicles when the

amelioration protocols are used.

4.6.1 Cases with Amelioration

Figures 4.18 and 4.19 gives the flow for Case 2 when brake derating and collaborative

braking are used, respectively. Figure 4.20 gives the flow for Case 3 with brake derating,

and Figure 4.21 gives the flow for Case 4 with collaborative braking.

4.6.2 Flow Analysis with Amelioration

As seen in Figures 4.18-4.21, both brake derating and collaborative braking reduce flow.

This effect is relatively minor where mild amelioration is needed, as in Case 2, and large

where stronger amelioration is needed, as in Cases 3 and 4. Table 4.6 shows the flow (q) at

Z = 10 for v0 = 30 and 60m/s and the relative reduction in flow (qred) from the equivalent

case with no amelioration.

These results show a reasonable agreement with the AHS models. Case 3 represents

a typical input for these models with a brake variance on the smaller end, and its flow

Table 4.6: Vehicle Flow with Amelioration

v0 = 30m/s v0 = 60m/s

Case Amelioration Protocol Flow (veh/hr) qred (%) Flow (veh/hr) qred (%)

2 Brake Derating 11,980 96 14,160 92
2 Collaborative Braking 11,367 94 11,980 78
3 Brake Derating 8,991 87 7,999 78
4 Collaborative Braking 6,119 65 7,381 71
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Fig. 4.18: Case 2 Platooning Capacity: Brake Derating

Fig. 4.19: Case 2 Platooning Capacity: Collaborative Braking



84

Fig. 4.20: Case 3 Platooning Capacity: Brake Derating

Fig. 4.21: Case 4 Platooning Capacity: Collaborative Braking
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of 8,991veh/hr is correspondingly on the higher end of AHS predictions. By comparison, a

larger brake variance of af = −5m/s2 input into this capacity model would reduce capac-

ity to 5,756veh/hr. Additionally, these figures indicate that while both brake derating and

collaborative braking can substantially degrade flow, by comparing the flows for the two

amelioration protocols in Case 2 and the relative drop in flow in Cases 3 and 4, it appears

that brake derating is the superior option, at least where v0 = 30m/s. This confirms the

findings of the collision model, which claims that lower brake variances are more important

than smaller delays.

However, collaborative braking is comparatively more attractive at v0 = 60m/s. This

is because collaborative braking’s effect is independent of vehicle speed. Interplatoon sep-

aration must be increased by the appropriate amount to accommodate the collaboration

as given by Equation 3.13. By comparison, brake derating demands that for interplatoon

interactions af increases as according to Equation 3.12. Since this increased brake variance

applies to the entire time both vehicles are braking (Scenario 2), brake derating results in

larger increases in interplatoon separations as speed increases.

Additionally, brake derating and collaborative braking have different effects on system

flow patterns with respect to platoon size. Table 4.7 helps to show this, providing both

the potential maximum capacity (qmax,pot, the maximum capacity that can be achieved

when amelioration is used) and the platoon size necessary to reach 75% of qmax,pot where

v0 = 30m/s.

If collaborative braking is used, flow asymptotically approaches a value less than the

Table 4.7: Platoon Size Required for 75% of the Potential Maximum Capacity: with Ame-
lioration

Case Amelioration Protocol qmax,pot (veh/hr) Z Zno amelioration

2 Brake Derating 18,000 15 13
2 Collaborative Braking 17,175 15 15
3 Brake Derating 18,000 30 21
4 Collaborative Braking 11,920 28 28
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theoretical maximum. When brake derating is used, flow approaches the theoretical max-

imum, but larger platoon sizes are needed to reach equivalent flow levels. For example, in

Case 3 platoons of 30 vehicles are needed to reach 75% of the theoretical maximum, while

only 21 vehicle platoons are required if no amelioration were used. However, with both

amelioration protocols, no optimal platoon size exists. Though the marginal improvements

in flow can change, they are always positive, and a larger platoon size will always result in

a larger flow.

4.7 Identifying an Optimal Platoon Size

That flows increase asymptotically as a function of platoon size can be shown analyti-

cally from Equation 3.14, which is reproduced here:

q =
3600v0Z

3v0[2Ttot − Tred + 0.1Z(Ttot − Tred)]− v20
2af (1−βd)(1− af/al) + (Z − 1) + 5Z

This equation can be simplified to be given as a function of platoon size and the

derivative taken as follows:

q =
aZ

bZ + c
∂q

∂Z
=

ac

(bZ + c)2
(4.3)

Capacity occurs where q′ = 0, so an optimal platoon size would exist where ∂q
∂Z = 0.

With the above formulation, this never occurs, so there is no optimal platoon size; assuming

that ac is positive, ∂q
∂Z starts positive and asymptotically approaches zero as Z increases.

This corresponds to what is observed in the above flow-speed-platoon size curves and in

the representation of marginal improvements in flow given in Figure 4.17. However, if

the formulation in Equation 4.3 does not hold true, then identifying optimal platoon sizes

may become possible. The following two sections address situations where optimal platoon

sizes could exist by developing different equations for the influence of brake derating and

collaborative braking. These equations represent stricter conditions and limiting factors
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that could be encountered in real-world scenarios.

4.7.1 Optimal Platoon Size for Cumulative Brake Derating

As discussed in the previous chapter, brake derating as initially formulated only in-

cludes a two vehicle scenario; all subsequent vehicles after the follower are assumed to be

able to match the braking rate of the follower precisely. This is the assumption made by

the AHS work for setting a “brake amplification factor,” but it is not necessarily valid. To

ensure safety throughout the platoon, it might be necessary to provide derating for each

vehicle interaction. For example, assume a 10% derating was required to provide safety

in a three vehicle platoon, where vehicle 1 is the leader. To avoid colliding with vehicle 3,

vehicle 2’s braking would have to be derated by 10%, so that it is 90% of its maximum. The

lead vehicle would then need to be derated an additional 10%, bringing its total braking to

81% of its maximum. Therefore, Equation 3.12 becomes:

af,actual = (1 + βd)
Zaf (4.4)

If this equation for cumulative brake derating is used, then the platooning capacity

for Cases 2 and 3 is given by Figures 4.22 and 4.23 respectively where v0 = 30m/s. For

Case 2, capacity is 8,059veh/hr and occurs at Z = 9. For Case 3, capacity is 2,411veh/hr and

occurs at Z = 3. Therefore, an optimal platoon size does exist where brake derating is

assumed to have a cumulative effect. Furthermore, this drastically reduces system capacity,

even in situations such as Case 2 when only relatively mild amelioration is needed; actual

follower braking is −8m/s2, but no amelioration would be needed where Ttot = 0.2s if af

were slightly stronger at −8.59m/s2. Therefore, if brake derating were to behave in such a

manner in real-world scenarios, it may not be able to provide sufficient capacity to justify

an AET system.



88

Fig. 4.22: Case 2 Platooning Capacity: Cumulative Brake Derating

Fig. 4.23: Case 3 Platooning Capacity: Cumulative Brake Derating
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4.7.2 Optimal Platoon Size for Exponential Collaborative Braking

Here, it is assumed that the additional delay due to collaboration scales with the square

of Z instead of linearly, so that Equation 3.13 becomes:

Ttot,actual = 2Ttot − Tred + αcZ
2(Ttot − Tred) (4.5)

While provisional, such a formulation could account for increasing delays due to more

difficult wireless communications between platoons as platoon size increases. For example,

since this requires more intraplatoon communications, if interplatoon communications were

given a lower priority, then they would experience a higher frequency of packet loss. Though

the above formulation only considers the cases where collaborative braking is used, the same

effect could also occur without it.

It is assumed that where Equation 4.5 is used, αc is 0.01. This represents minor delays

due to collaboration in small platoons and large delays in large platoons. Figures 4.24 and

4.25 give platooning capacity where this exponential collaborative braking is used for Cases

2 and 4 respectively. As with the above section v0 = 30veh/hr.

For Case 2, capacity is 8,934veh/hr and occurs at Z = 11. For Case 4, capacity is

2,806veh/hr and occurs at Z = 5. Therefore, as with cumulative brake derating, where

exponential collaborative braking is used, an optimal platoon size does exist. These results

indicate that with the given assumptions, exponential collaborative braking is slightly better

than cumulative brake derating: flows of 8,934veh/hr vs. 8,059veh/hr respectively for Case

2. However, as with cumulative brake derating, only when mild amelioration is needed are

large flows possible. The larger amelioration demanded by Case 3 can bring capacity down

towards the level of traditional roadways.

4.8 Summary of Analytical Findings

This section addresses the findings of this research, providing the main takeaway points

for both the collision and capacity models.
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Fig. 4.24: Case 2 Platooning Capacity: Exponential Collaborative Braking

Fig. 4.25: Case 4 Platooning Capacity: Exponential Collaborative Braking
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4.8.1 Collision Model

One major conclusion from Section 4.5 is that that the most important factor in en-

suring safe platooning is a tight braking variance, followed by communication delay. Even

when it is assumed that the control model can maintain a steady-state intraplatoon separa-

tion of 1m, as opposed to the 2m used in AHS modeling, there cannot be a brake variance

higher than af = −6.88m/s2 and al = −10m/s2 even if there is no delay; otherwise platooning

will not be safe in an emergency braking scenario. Additionally, the collision model results

show that while AHS was able to demonstrate platooning in a controlled environment, the

systems would not have been safe using that emergency braking standard without amelio-

ration protocols such as brake derating and collaborative braking. This does not indicate

a flaw in their research, but rather the technological limitations of the 1990s. However,

the advent of wireless communications combined with the single type of electrical vehicle

proposed by AET should allow for the small delays and tight braking variances necessary

for safe platooning without amelioration.

The results also show the potential benefits of increasing ∆vsafe, which could be

achieved by designing the vehicles specifically to better handle rear-end collisions. Even

relatively small increases in this value, such as from 2.5 to 3.5m/s, could greatly expand

the parameter sets enabling safe platooning. For example, in a system with no delay, a

leader acceleration of −10m/s2, and a steady-state intraplatoon separation of 1m, this in-

crease would allow for the far greater brake variance, with allowable follower acceleration

going from −6.88m/s2 to −3.875m/s2. Similarly, as shown in the stochastic model results,

increasing the acceptable unsafe collision likelihood can also shrink the USZ and allow for

“safer” performance under a wider variety of input parameters. However, while steps can

be taken to increase ∆vsafe while maintaining the same level of safety (i.e. vehicle design),

increasing the acceptable unsafe collision likelihood explicitly sacrifices system safety for

system performance.

Lastly, the comparison of the stochastic and deterministic collision models using stu-

dent’s t-tests shows that that two are not statistically identical. However, at low acceptable
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unsafe collision likelihood (i.e. less than 10−4), the deterministic model is more conserva-

tive than and reasonably equivalent to the stochastic model. However, at higher acceptable

unsafe collision likelihoods, while the deterministic model is always more conservative than

the stochastic model, the USZ values are not necessarily very close (i.e. greater than 10%

different). Therefore, while the deterministic model can be reasonably used as conservative

input values for the capacity model, if decision makers determine that for any eventual

automated platooning system higher unsafe collisions likelihoods are acceptable, then USZ

should be modified in accordance with this value.

4.8.2 Capacity Model

Two general scenarios are addressed by the capacity model: platooning flow with and

without amelioration. Capacity varies greatly depending on the system parameters, includ-

ing the parameters described in each of the four cases used for analysis here and also on

vehicle speed, platoon size, and type of amelioration used. For example, at speeds of 30m/s,

capacity can range from over 12,504veh/hr for high performing systems (Case 1) with 10 ve-

hicle platoons to 1,137veh/hr for low performing systems (Case 4) with a single autonomous

vehicle. However, even such systems can achieve high capacities is platooning is allowed.

For example, if the above scenario for Case 4 had 10 vehicle platoons, capacity would be

6,119veh/hr if the amelioration protocol of collaborative braking were used.

Therefore, identifying the scenarios that will enable unsafe platooning is of the utmost

importance. However, of the four cases used for analysis, only Case 1 does not require

amelioration where steady-state intraplatoon separation is 1m as according to the collision

model. These results show that for this case specifically and for all other cases where

amelioration is not required, flows of over 12,000veh/hr are possible for platoons of 10 vehicles

where v0 = 30m/s. Higher flows are possible at higher speeds and platoon sizes. Therefore,

the technological advances promised by AET should allow for higher capacities than were

modeled by AHS.

Where amelioration is required, two protocols are evaluated: collaborative braking and

brake derating. For most of the scenarios analyzed, brake derating is the superior option
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when both can potentially be used, though at higher speeds and platoon sizes collabora-

tive braking becomes more attractive. When these protocols are implemented as initially

modeled, the flow results reasonably correspond with those of AHS when using similar in-

put parameters for vehicle performance. Mild amelioration results in small reductions in

capacity, and more substantial amelioration gives larger drops.

The general flow-speed-platoon size relationships are the same for both the amelioration

and no amelioration scenarios. Namely, there is no optimal platoon size; for any given speed,

flow asymptotically approaches a maximum as Z →∞. However, collaborative braking can

decrease this maximum, and brake derating requires more vehicles in a platoon to reach

the same flow level. Additionally, optimal speed (vo, the speed that gives capacity for a

given platoon size) increases as a function of platoon size. Therefore, while the general flow-

speed-density relationships for platooning vehicles is similar to that of traditional vehicles, as

platoons get longer, vo often occurs at higher speeds than would be safe even in free-flowing

situations, such as 70m/s. As a result, instead of decreasing speed to increase flow as done on

traditional roadways during uncongested travel, a platooning system could accommodate

increased demand while maintaining speed by increasing average platoon size.

The practicality of the amelioration protocols are also addressed, and stricter conditions

are proposed for both: cumulative brake derating and exponential collaborative braking.

These revised protocols drastically degrade vehicle flow, especially for Cases 3 and 4, where

substantial amelioration is required. These results show the potential downsides of using the

amelioration protocols, further indicating the benefits of the tight brake variances and small

delays promised by AET. For example, in Case 4 with exponential collaborative braking,

maximum capacity for any platoon size or speed is only 2,806veh/hr. This instance, as well

as the other results and the mathematical analyses presented in Section 4.7 show that the

addition of exponents to the capacity equation caused by these new amelioration protocols

results in the emergence of an optimal platoon size. With the given assumptions, this

optimal level is relatively small, less than 11 vehicle platoons for all cases.
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CHAPTER 5

CONCLUSIONS AND FUTURE RESEARCH

Automated platooning has the potential to offer superior performance to the current

system of manually-driven vehicles, and as technology improves and research continues,

it comes closer to real-world implementation. Therefore, it is increasingly important to

identify how automated platooning can function in a safe manner and model what capac-

ities it can achieve. The work presented in this thesis seeks to answer these questions by

developing interlinked collision and capacity models. These models are used to identify

the necessary parameters for safe platooning under an emergency braking standard and

describe automated platooning flow and the different parameters that affect it. They can

be applied to a wide range of platooning systems beyond that proposed by AET, including

automated platooning within mixed traffic scenarios. The obtained results show the ability

for automated platooning to provide high-capacity roadway travel that could solve many

existing transportation problems: roadway congestion, the last-mile problem for transit,

high emissions, and safety risks. However, the results also show the difficulty of maintain-

ing safe intraplatoon interactions, and the importance of tight brake variances and small

communication delays as promised by AET and enabled by improvements in electric vehicle

technology and wireless communications.

This chapter summarizes the work performed in this thesis. It first reviews the research

efforts, including the literature review and the development of the collision and capacity

models. It then discusses the obtained results, showing the necessary parameters for AET

to achieve safe platooning with capacities of over 10,000veh/hr. The impacts of these findings

are then addressed and future work is recommended.

5.1 Summary of Work

This section addresses the three main areas of work: literature review, collision model

development, and capacity model development. This includes a summary of the statistical

analysis used to compare the two different collision models developed here (stochastic and
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deterministic), and how the deterministic model outputs are used as inputs for the capacity

model. The Section 5.2 summarizes the obtained results of these assorted models, which

are presented in full in Chapter 4.

5.1.1 Literature Review

First, previous research pertaining to safety and capacity in automated vehicle platoons

is considered, including both traditional traffic models and automation-specific studies, with

a special emphasis on the Automated Highway Systems (AHS) project. Both microscopic

(car-following) and macroscopic (traffic flow) models are reviewed, as well the capacity

models that form a subset of the macroscopic models. The relationship between microscopic

and macroscopic models is also discussed, as is the difference between the older analytic

car-following models with closed-form solutions, such as the GHR family of equations, and

the more complicated stochastic traffic simulation softwares, such as Paramics. Since the

approach taken by this work is to use a microscopic collision model as the foundation for

developing the capacity model, existing safety models, such as Gipps’ equation, are a focus.

However, such models do not perfectly describe real-world conditions, especially because

of their implicit assumption that a vehicle is always following a leader. Therefore, more

accurate estimations require the inclusion of different regimes, such as the two in AIMSUM:

Gipps’ for impeded travel and a free-driving equation for unimpeded travel.

The AHS research takes a similar approach to the one advocated in this thesis, devel-

oping collision models and testing them under an emergency braking standard. The Unsafe

Separation Zone (USZ) concept, which went unnamed in AHS research, shows that very

small vehicle separations can be as safe as very large ones. In the case of an emergency

brake, vehicles close to each other may collide, but at an acceptably low speed. Vehicles with

these very small separations form platoons, and the separations can be maintained due to

the improvements allowed by automation: vehicle collaboration, more rapid vehicle-vehicle

communications, and smaller intervehicle response delays.

However, there are some areas in the AHS research that merit further work, which

this thesis seeks to perform. First, most of the developed models are not replicable. For
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the capacity models, inputs and outputs are provided, but not the models themselves. The

results of the collision models are not presented in detail. They are either directly used

to build collision models or the expected intraplatoon collision speed is presented as a

deterministic output despite the stochastic inputs. Second, AHS research assumes a mix

of traditional vehicles with internal combustion engines, with a correspondingly wide range

of maximum braking rates. Third, while the amelioration techniques of brake derating and

collaborative braking are considered, only select values are used. Fourth, AHS studies do

not consider the potential amelioration effects of varying the maximum acceptable collision

speed (∆vsafe).

5.1.2 Collision Model Development

Two separate but related collision models are developed to quantify the USZ of au-

tomated platooning vehicles and the effects on safety of three main parameters: brake

variance, communication delay, and maximum acceptable collision speed. The USZ is de-

fined as the intermediate separations for which an emergency brake results in a collision

speed greater than the maximum acceptable level. Collisions are therefore deemed accept-

able when the vehicle separation fall outside this range: less than or equal to maximum safe

intraplatoon separation (Siv,max) and greater than or equal to minimum safe interplatoon

separation (Sip,min). Very small separations, less than or equal to Siv,max, can be safe since

while a collision does occur as a result of an emergency brake, it is at a low enough speed

to avoid the risk of serious injury or death.

The two developed models are: a simpler deterministic model with closed-form solu-

tions and a more complicated stochastic model coded in Matlab/Simulink and incorporating

a Monte Carlo analysis. The stochastic model is more flexible and has the potential to bet-

ter simulate real-world conditions. Specifically, it models braking as a first-order response

(mimicking the behavior of real-world caliber braking), instead of the binary approach of

instantaneous full braking used in the deterministic model (and also previously used in AHS

research). Additionally, while the deterministic model uses a worst-case scenario for brak-

ing (weakest expected leader braking and strongest expected follower braking), the Monte
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Carlo simulation used by the stochastic model allows for the unsafe collision probability to

be calculated for a given braking distribution of the vehicles on the roadway. This in turn

allows for the USZ to be defined as a function of acceptable unsafe collision likelihood. For

example, if a 1% likelihood of unsafe collisions is deemed acceptable, than there will be a

smaller USZ (narrower ranger of unsafe vehicle separations) than if a 0.01% likelihood were

the maximum acceptable level.

However, by providing closed-form equations, the deterministic model allows for a con-

sideration of a wide range of input parameters without requiring a simulation run for each

case. This allows for a more in-depth analysis of the USZ and how it could possibly be

decreased to allow for easier platoon, especially by allowing for the explicit mathematical

definition of the necessary parameters for safe platooning. Moreover, a deterministic colli-

sion model allows for the development of a deterministic capacity model to describe the flow

of automated vehicle platoons in far greater detail than was possible in the AHS research,

which did not use such deterministic inputs for safe vehicle separations.

5.1.3 Comparing the Two Collision Models

As automated platooning is an emerging technology, there is no real-word data against

which to compare and calibrate the models. However, it is necessary to show that the

simpler deterministic model is a reasonable substitute for the stochastic model in order to

be acceptably used as an input for the capacity model. To accomplish this, a statistical

analysis utilizing the Student’s t-test is used to compare the two models. The analysis

shows that while the two models do not provide statistically identical USZ results, the de-

terministic model yields USZ values that are more conservative than and, in most cases,

reasonably close to (within 10%) those of the stochastic model. The deterministic model is

always shown here to be more conservative than or equal to the stochastic model. However,

the two can be more that 10% different. This occurs at lower levels of acceptable unsafe

collision likelihood. For example, for the Loose-Short case a 0.01% acceptable likelihood

yields USZ values (both Siv,max and Sip,min) within the 10% threshold for the two models,

but this threshold is exceeded at a 1% acceptable likelihood, by 30.8 and 50.3% for Siv,max



98

and Sip,min, respectively. Therefore, for these higher acceptable likelihood levels, the de-

terministic model may be considered too conservative when compared with the stochastic

model.

5.1.4 Capacity Model Development

The USZ derived from the deterministic collision model is then used to develop the

capacity model. This is the same model that was used to estimate capacity and flow

for AHS research [19, 91], which is the traditional flow relationship equating flow, density,

and speed that has been modified to consider platooning vehicles. The collision model

helps provide the two different distance headway inputs (interplatoon and intraplatoon

separation), and the other exogenous independent variables are vehicle speed, platoon size,

and vehicle length. Therefore, the capacity model is used to estimate the effect of five main

parameters on automated platooning vehicle flow: the three parameters discussed above

for the collision model (brake variance, communication delay, and maximum acceptable

collision speed) as well as flow-specific parameters of vehicle speed and platoon size.

Importantly, this capacity model estimates the flow of automated platoons under ideal

conditions: an isolated lane with no merging nor splitting, traveling on a straight road with

no vertical curves nor inclement weather. Flow is provided at different platoons sizes and

speeds for four primary cases of different brake variances and delays. For conditions where

platooning is initially unsafe, the amelioration protocols of brake derating and collaborative

braking are used, and their potential to reduce flow is quantified.

As discussed above the lack of real-world data makes it difficult to verify the models

using a statistical analysis. However, it is possible to show the model’s reasonableness by

comparing its results those that were obtained by AHS work. The capacity model meets this

reasonableness test, as the results presented here corroborate with AHS results using similar

input values: i.e. approximately 6,000-9,000veh/hr for the ”better-case” scenarios presented

in the AHS work as compared with 8,991 and 6,119veh/hr for Cases 3 and 4, respectively,

as estimated in this research. Additionally, compared with the AHS models, the model

developed here has the benefit of being easy to replicable and manipulate.
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5.2 Research Impacts

This section first provides an overview of the major findings of this research and then

focuses on the impacts of the results obtained from the collision and capacity models.

5.2.1 Overview

The three most important conclusions from the research presented in this thesis are:

• Ensuring safe platooning during emergency braking scenarios requires small commu-

nication delays and, most importantly, tight brake variances.

• If platooning can be made safe without amelioration, then very high capacities are

possible at reasonable speeds and platoon sizes: for example 12,504veh/hr at a speed

of 30m/s and a platoon size of 10 vehicles.

• Though the general flow outlines for automated platooning remain consistent with

traditional roadways and models, the consideration of different platoon sizes results

in functional differences, such as an increased optimal speed.

Overall, this work seeks to show the effects of varying different parameters (vehicle

speed, platoon size, brake variance, communication delay, and maximum acceptable collision

speed) on both the vehicle separations that are unsafe for platooning vehicles (the USZ)

and on the capacity of those platooning vehicles. AET is a technology for the future of

transportation, promising travel that is faster, safer, cleaner, and less congested. As a

future technology, there is no single, unique system that one can point to. Changing the

above AET parameters can result in huge changes in AET safety and capacity. For example,

capacity can range from its theoretical maximum of 18,000veh/hr for an infinitive platoon size

at a speed of 30m/s, to 12,504veh/hr for 10 vehicle platoons under the high performing system

given by Case 1 (small communication delays and tight brake variances) to 1,137veh/hr for

a single autonomous (non-platooning) vehicle under Case 4, which has higher delays and

greater brake variance than Case 1.
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As alluded to here, platooning itself is shown to be the most important factor in

ensuring high capacity systems. Even in lower performing systems like Case 4, capacities

in excess of 10,000veh/hr are possible at large enough platoon sizes. However, there are

explicit tradeoffs between safety and capacity. Case 4 can achieve these capacities only

if platooning can be considered safe, which as this research shows may prove to be quite

difficult. The amelioration protocols of brake derating and collaborative braking can help,

but as described in Chapter 4, both of these could be difficult to practically implement in

real-world scenarios, and their stricter variants (cumulative brake derating and exponential

collaborative braking) can severely reduce capacity. For example the capacities under Case

4 with 10 vehicle platoons and a speed of 30m/s range from 9,414veh/hr if no amelioration were

used to 6,119veh/hr with collaborative braking to 2,388veh/hr with exponential collaborative

braking.

The above two amelioration protocols are endogenous approaches, altering the AET

system to improve safety within a given set of confines. However, an exogenous approach is

also possible by evaluating and altering the definition of safe itself. No transportation system

can ever be 100% safe, with zero collisions, injuries, or fatalities. Unexpected incidents

can and will occur, and any system designer for any infrastructure project, from roads

to bridges to oil rigs, must decide on reasonable tradeoffs between safety, cost, and system

performance. For AET, two such areas that this research addresses are maximum acceptable

collision speed and maximum acceptable unsafe collision likelihood; the latter value can only

be obtained from the stochastic collision model. The results presented in this research show

that variations in either of these parameters can have a large effects on the USZ, and by

extension platooning capacity. For example, when leader and follower braking and -10m/s2

and -8m/s2 respectively, communication delay is 0.2s, and vehicle speed is 30m/s, changing

maximum acceptable collision speed from 2.5 to 3.5m/s increases the maximum allowable

intraplatoon separation from 0.76m to 2.26m

5.2.2 Collision Model Impacts

Automated platooning was first proposed in 1979, but relatively few models have been
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developed to define the USZ’s lower bound (Siv,max). This research defines the necessary

parameters for safe platooning, and the results show that fairly tight tolerances are required,

especially for tight brake variances. Small communication delays also play a major role, but

the collision models show that these tend to be less important. For example, assume that

no amelioration is used and that the control model can maintain a steady-state intraplatoon

vehicle separation (Siv,ach) of 1m and a ∆vsafe of 2.5m/s. In this scenario, delay can never

be larger than 0.25s, which is a reasonably large delay for wireless communications and

electric vehicles. However, even if there is zero delay, brake variance can never be greater

than −6.875m/s2 for follower maximum braking and −10m/s2 for leader maximum braking.

Previous AHS models require a substantial brake amplification factor of 30% to enable

tighter effective brake variance and overcome their initial assumptions of a mixed vehicle

fleet powered by internal combustion engines [64]. However, as explained in detain Chapter

4, there are practical difficulties with this approach, especially the potential to drastically

reduce vehicle flow. As proposed by AET, electric vehicles should have more predictable

responses with shorter delays, further aided by the advent of wireless communications that

were not available during AHS. Still, these results indicate the importance of maintaining

a single vehicle type in platoons and requiring that strict maintenance protocols be main-

tained, such as a check-in procedure to the platooning lanes, in order to ensure a tight

braking variance. This is true for dedicated automated platooning systems such as AET,

but also platoons in mixed traffic as proposed by Europe’s SARTRE and KOVOI projects.

Where platooning is initially unsafe, brake derating and collaborative braking enable

safe intraplatoon interactions when the brake variance and total delay are initially unsafe,

but this comes at the expense of increased interplatoon separations. Therefore, when these

amelioration protocols are used, flow degrades, though the effect is relatively small when

only minor amelioration is needed. In general, brake derating is a superior option to collab-

orative braking, allowing for higher capacities, though at higher speeds and platoon sizes,

collaborative braking becomes more attractive. This is consistent with the results of the

collision model, which showed brake variance to generally be the most important factor.
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The collision model also evaluates the effects of a third amelioration protocol, increasing

∆vsafe. This does not have a major effect on Sip,min, so will not substantially change capac-

ity in the no amelioration cases. However, it is a highly attractive option when amelioration

is required, as small changes in its value can substantially increase Siv,max.

5.2.3 Capacity Model Impacts

Automated vehicle platooning as proposed by AET allows for very high vehicle flows,

especially where no amelioration is needed. This has the potential to fundamentally change

roadway transportation in America: reducing congestion, increasing safety, and improving

emissions. Automated platooning could combine these benefits, which are usually associated

with mass transit, with the flexibility of the private automobile, helping to solve the last-

mile problem. Vehicles could travel on high-capacity AET lanes that mimic the performance

of public transit, and then check-out of the system and drive the final mile or two to their

destination on traditional roads under manual control. This would provide a viable high-

capacity transportation option to medium-density areas, such as Los Angeles, that cannot

support large levels of traditional transit but also lack the road infrastructure to support

the resulting high number of private vehicle trips.

While platooning promises higher vehicle flows than are possible on current roadways,

the general speed-density-flow relationships remain consistent with traditional roadways and

models. As speed increases, flow also increases to a capacity qmax at an optimal speed vo,

then begins to decline as speed increases further. However, the consideration of platooning

results in functional differences. First, at larger platoon sizes the vo may become higher

than the design speed of the roadway, such as 70m/s, so that for practical purposes flow

can be seen as monotonically increasing as a function of speed. Here, capacity occurs at

the highest safe speed for the roadway. Additionally, in a dynamic system, it is possible to

increase density and thus vehicle flow in response to increased demand without decreasing

speeds by instead increasing average platoon size.

As platoon size increases for a given speed, flow asymptotically increases to theoretical

maximum. Therefore, no optimal platoon size exists to maximize capacity; the highest
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allowable platoon size will allow for the highest capacity. This is true for the modeled

results except where cumulative brake derating or exponential collaborative braking is used,

in which case optimal platoon sizes can exist. This research analytically proves this and

provides illustrative examples. These stricter amelioration protocols can also substantially

reduce capacity, approaching the levels of traditional roadways.

5.3 Future Work

Most important for future work is to test and expand upon the assumptions made in

developing the collision and capacity models. For example, the real-world implementation

of brake derating and collaborative rating must be better shown in order to allow for more

accurate models. Initially, as with AHS, brake derating is treated as occurring only a single

time within a platoon for a single leader-follower pair. By comparison, with cumulative

brake derating every vehicle in a platoon must derate its braking with respect to the vehicle

in front of it. This is arguably a more realistic assumption, and given the large difference in

flows using the two different types of derating, it is important to identify precisely how brake

derating would work in a real-world scenario. Exponential collaborative braking produces

a similarly large decrease in flow by implying that the effective interplatoon delay increases

exponentially, rather than linearly, as a function of platoon size. This could represent

increased delay due to packet interference as more intraplatoon communications are sent as

platoon size increases, crowding out interplatoon communications.

More work is also needed to identify what Siv,ach values are reasonably achievable.

This work assumes 1m for the capacity modeling, and AHS uses 2m, but neither value is

shown in real-world testing. For this and the amelioration protocols, more research on the

platooning control models, which describe vehicle-to-vehicle and vehicle-to-infrastructure

communications and responses during steady-state flow, can help solidify the assumptions

made here. In particular, while this research assumes a constant Siv,ach, it is necessary

to show if it varies as a function of speed, which in turn could be a limiting factor on

maximum safe platooning speed. The removal of human drivers allows for the potential for

higher speeds than on current roadways, which could provide decreased travel times and
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higher capacities, and the limiting safety factors for these higher speeds must be identified.

To further improve safety, since this work shows the large potential benefits of increasing

∆vsafe, more research into vehicle design and collision dynamics would help give the highest

value that is reasonably achievable.

Additionally, as this research considers the ideal case of a single automated lane with

no merging/exiting nor vertical or horizontal curves, more work is needed to see what

factors could degrade flow from its optimal level. The potential effects of merging and

exiting are especially important; past AHS work showed that this could reduce capacity

by up to 70% [94]. More work is also needed to identify both the acceptable safety levels

and the type and frequency of emergencies for which automated platooning systems must

account. The research presented here only considers a single emergency braking scenario,

but a wide variety of potentially dangerous situations exist, such as temporary loss of

communications, unexpected short-term braking, and tire blowouts. Considering a wide

range of conditions could result in a multi-regime collision model, and would help quantify

more precisely the necessary parameters for safe platooning. Lastly, live demonstrations,

both full-size and table top, would be very useful in justifying assumptions and calibrating

and modifying models. These demonstrations can illustrate how communication systems,

vehicle dynamics, and emergency protocols respond to real-world stimuli.
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