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1 Introduction 
This report in incorporates recommendations for Remote Monitoring and Tele-Operation  based on the 

work undertaken as part of the SAVOR Project.  

This findings in this recommendations document are made publicly available with the intent to inform 

stakeholders of any insights gained from the project. 

The document has two key sections: 

• The first, Monitoring, covers human factors elements relating to the monitoring of automated 

vehicles based on a study completed by Coventry University, 

• The second, Control, covers observations and considerations made based on the development, 

testing and trial activities completed by Conigital. 

2 Monitoring 

2.1 Background 
There can be no doubt that the arrival of the autonomous car is extremely imminent, with trials of 

integrating autonomous vehicles into regular traffic being implemented worldwide.  Whilst most of 

these trials are encouraging, unfortunately disengagement evidence from them (Endsley 2018) indicates 

that the autonomous systems designed to date are still occasionally error prone requiring human 

intervention where the human takes over the driving task.  As a consequence, there is an expectation 

that for the foreseeable future human operator input, in the form of supervision and intervention, will 

still be required, especially for situations involving critical decision making (Chen and Barnes 2012a).  

For ground vehicles this will mean that a driver will need to be present to supervise the vehicle and 

take-over the driving task in an emergency.   

However, whilst this model of human supervision in the vehicle might be effective for privately owned 

vehicles and large public transport, it is largely inefficient and commercially unviable for use in small 

vehicle public transport (taxis).  The solution proposed for this study is to remotely locate the supervisor 

and provide them with a teleoperation capability, and to extend that supervision from one to multiple 

vehicles.  The only question that remains is, just how many autonomous vehicles can that supervisor 

safely manage? (Crandall and Cummings 2007). 

2.1.1 How Many Vehicles Can We Supervise? 

This question of how many automated or autonomous vehicles an individual can effectively supervise 

has been of interest for some time and has been researched quite extensively over the past two decades, 

although much of the research has been focused on supervision of Unmanned Aircraft Vehicles (UAVs) 

or more generic “robots” (eg Ruff, Narayanan and Draper 2002, Lewis et al. 2010, Calhoun et al. 2018) 

rather than cars.  The term Fan-Out (FO) has been used frequently to describe the number of vehicles 

or robots that a single operator can control effectively (Crandall and Cummings 2007) and will be 

adopted for this review. 

In their own review of literature on supervisory control of multiple robots Chen, Barnes and Harper-

Sciarini (2011) identified 11 different FO studies in which researchers had drawn conclusions on an ideal 
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FO number.  Of the studies, seven tested FO’s between 1 and 4, and the remainder tested ranges that 

extended wider, often between 4 and 12.  The results were equally diverse, with some researchers 

identifying optimum supervision occurred at FOs as low as just two (Ruff et al. 2004, Wasson, Liu and 

Macchiarella 2007), and others indicating that up to 12 could be managed without degradation in 

performance (Cummings and Guerlain 2007).  Chen, Barnes and Harper-Sciarini (2011: 442) summarise 

“that FO can be as high as around 8–9 robots in less demanding tasking environments; however, in 

more challenging conditions, human operators can only supervise around 4–5 robots effectively 

simultaneously”, observing that this latter figure is very close to the classically proposed “magical 

number of seven plus or minus two” (Miller 1956). 

The reason for this variance is that human supervision of a collection of moving vehicles in a dynamically 

changing environment is complex with high levels of uncertainty, highly variable operator workload and 

often intense time pressures on all decisions and activities (Donmez, Nehme and Cummings 2010).  

Lewis et al. (2010) and then Chen and Barnes (2012a) identify that as the size of the collection of vehicles 

increases so the workload also increases, and that in turn may lead to the human supervisors failing to 

maintain adequate Situation Awareness (SA) when their attention is constantly switching between the 

vehicles.  Cummings and Guerlain (2007) observed that when controlling multiple UAVs, when 

participant workload (measured by activity) exceeded 70% of available time, performance in supervision 

significantly degraded.  They equated this degradation to the performance drop off expected when at 

the latter part of the Yerkes Dodson inverted U curve.   

2.2 Research Question and Aim 
We concur with Chen and Barnes (2012b) in that the use of a Proxy Controller to work alongside a 

Supervisor appears to be the best solution to making the workload of the Supervision task more 

consistent and predictable, with an expectation that when the workload from Controlling is minimised 

it should be possible to increase the FO number from the baseline expectation of Chen, Barnes and 

Harper-Sciarini (2011) of between 4-5. 

Hence the primary aim of this WP was to determine the number of automated vehicles that one 

person can optimally monitor, while maintaining operational safety, efficiency but while still 

considering the workload and performance of the human who is monitoring. 

2.3 Monitoring Assessment Methodology 

2.3.1 Experimental Design 

Full details of the methodology adopted can be seen in D4.2. In summary, the experiment will be a 

practical computer-based simulator experiment in which the participants will monitor between 3 to 9 

virtual vehicles on a computer simulator in four 15-minute simulation scenarios.  In the simulation the 

participants will take the roll of Supervisor will be given two goals: 

• Prevent incident or injury to vehicle passenger, pedestrian and occupants of other vehicles; 

• Ensure all High Risk Cars are being teleoperated by a Standby Driver. 
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In the simulator participants will be presented with a single screen divided into equal sized sections, the 

number of sections depending upon the number of vehicles being monitored.  Within each section 

details of each of the vehicles being supervised will be shown, those details including: 

• Forward Camera View (120o wide angle lens view); 

• Vehicle performance instruments giving Speed, Direction of Steering, Fuel and Braking; 

• A message board for communications from the vehicle autonomy. 

• A Risk Category selection panel with 4 radio buttons representing None, Low, Medium and 

High.  The panel will normally be hidden unless deliberately opened by the participant. 

Participants will watch the screen and monitor the progress of the autonomous vehicles, watching the 

vehicles as they drive around the Coventry area.  If the participant or autonomous vehicle identifies that 

there is an increased risk of either the autonomous vehicle suffering a degradation in performance (a 

failure of some or all of the automation functionality) or encountering a high risk situation (eg 

encountering dense fog or being surrounded by a large number of pedestrians) they may change the 

Risk Category of the vehicle which will trigger a requirement for a participant action. 

Each vehicle’s Risk Category can be set at one of four categories: None, Low, Medium and High.  Risk 

Categories for each autonomous vehicle will be shown by outlining the section displaying with a 

coloured frame.  Risk Categories and associated colours and expected participant responses are shown 

in Table 1 below: 

 

TABLE 1 RISK CATEGORY COLOURS AND EXPECTED PARTICIPANT INTERACTION RESPONSE 

Risk 

Category 

Colour Participant Interaction Response 

None Green None 

Low Yellow Periodic reassessments to either increase or decrease the risk category 

Medium Orange Periodic reassessments to either increase or decrease the risk category 

High Red Engage the Standby Driver 
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2.3.2 Apparatus 

The studies will all use an experimental apparatus consisting of a computer-based simulation purpose-

built at the ndtc using the C# programming language. 

   

   

 

2.3.3 Experimental Protocol 

The study will be conducted as a Within-Groups evaluation of the number of vehicles that can be safely 

supervised across four conditions: a baseline control condition where the human participant supervises 

just three vehicle; and then three more conditions where they supervise five, seven and nine vehicles 

respectively.  For ease and clarity each condition will simply be named after the number of vehicles 

being supervised. 

A minimum of 12 participants will initially be recruited to take part in the experimental study to meet 

the Latin Square and Power Analysis requirement for a study with 4 conditions (the Power Analysis was 

conducted using G*Power 3.1.9.4 (Faul et al. 2009) with an expected small to medium effect size of f=.25 

(Cohen 1992), and error probability of .05, and a power of 0.8. 
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2.4 Results and Recommendations 
• Optimal number of vehicles that people could monitor remotely was five. 

o Performance of monitoring was similar for when monitoring seven vehicles, but general 

and situational awareness related workload were scored higher, and hence the ability 

to react to unexpected events could be reduced as the person could be near 

information saturation in order to maintain optimal performance. 

 

• Monitoring nine vehicles saw a decrease in performance, as measured by time taken to 

respond to, or a lack of information recall relating to, ‘red’ or higher monitoring events. 

 

 



  

 

Monitoring 8 

© SAVOR Project Consortium 2022 | All Rights Reserved 

• Monitoring three vehicles saw an increase in interaction with the vehicles, which may 

have resulted in unnecessary interference with the AV. 

o An example was calling the driver to take over control via remote teleoperation when 

the AV system could have dealt with the event on its own. 

o This suggests that people had too much spare capacity and time to ‘over analyse’ the 

situation and interrupt the safe and effective operation of the AV. 

 

• With increased workload, we also need to consider people’s performance over prolonged 

(i.e. 4 hours) of remote monitoring. 

o There is however a possibility that with experience people could increase the number 

they monitor from five to seven vehicles as they develop strategies and mental models 

to enhance their monitoring capabilities. 
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• Our remote monitoring experiment was not ODD (Operational Design Domain) specific. 

o Meaning that we had mixed driving environments from high speed motorway, to low 

speed urban areas and city centres. 

o It would be reasonable to assume that people could safely monitor more vehicles on a 

more controlled motorway ODD, but less within a busy, unpredictable urban area. 

• Recommendations from this study is that a ‘Remote Operator’ should work alongside a 

‘Remote Monitor’, rather than combining the tasks. 

o This, as supported by the literature, appears to be an optimal solution to making the 

workload of the supervision task more consistent and predictable. 
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3 Control 

3.1 Background 
The research undertaken by Conigital focussed on the remote control of Connected Autonomous 

Vehicles (CAV) utilising a 6DOF control rig and the remote monitoring of multiple vehicles using a multi-

screen configuration. 

The project concluded that distinct monitoring and control “systems” were advisable allowing control 

activities to be undertaken without distractions from other monitored vehicles. Core to both systems 

was applying a simplified design approach to ensure the operator was appropriately focussed on the 

vehicle(s) of interest. 

The RMTO technology recommendations report created on the project (see 

D7.2_SAVOR_RMTO_Technology_Recommendations_Report.pdf) outlines the minimum 

communications requirements considering bandwidth, latency and jitter. The current working 

assumption is that a private network (or network slice is necessary to achieve desired reliability). 

3.2 Legal considerations 
The recent law commission report “Automated-vehicles-joint-report-cvr-03-02-22.pdf” provides an 

excellent basis for the deployment of automated vehicles. In chapter 9 of this report consideration is 

made around the role of a remote driver as distinct to a remote assistant. 

The SAE definition of Remote Assistance (https://www.sae.org/standards/content/j3016_202104/ 

section 3.23) is, “Event-driven provision, by a remotely located human, of information or advice to an 

ADS-equipped vehicle in driverless operation in order to facilitate trip continuation when the ADS 

encounters a situation it cannot manage”. 

J3016 also defines in section 3.24 Remote Driving as “Real-time performance of part or all of the DDT 

and/or DDT fallback (including, real-time braking, steering, acceleration, and transmission shifting), by 

a remote driver.” 

The report also considers the initial approach taken in SAVOR as follows: 

“9.18 Another possibility is that a NUIC (No-User-In-Charge) feature can drive the vehicle in 

most operational design domains, but not all. In some limited circumstances, a remote driver 

may be required to take over. Such a NUIC feature would need to have a NUIC operator while 

the NUIC feature is engaged. As we explain below, when applying for a licence, the NUIC 

operator would be required to state how much they relied on remote driving, and how this 

could be done safely.” 

And also in: 

“9.108 As discussed, our scheme does not cover “pure” remote driving, without any element of 

self-driving. However, if a NUIC operator relies on some element of remote driving to ensure 

safety, it will need to specify this in its safety case and explain how it will be conducted safely.” 

Recommendation 50 in the report states: 

https://www.lawcom.gov.uk/project/automated-vehicles/
https://www.sae.org/standards/content/j3016_202104/
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“9.87 It should be an offence to use a vehicle on a road or other public place without a driver 

or user-in-charge unless:   

(1) it is equipped with an ADS feature authorised for use with no user-in-charge in that 

operational design domain; and  

(2) arrangements are in place for the vehicle to be overseen by a licensed NUIC 

operator.” 

A key point in the report is as follows: 

“9.42 Staff involved in remote driving will face the same criminal liabilities as other drivers.” 

For remote assistance, the report implies the recommendations made to the vehicle are still reliant on 

the ADS capability and safety assurance, hence we believe liability in the event of issues will remain with 

ADS provider.  This aspect does warrant further discussion to clarify with the law commission.  

3.3 Control Approach 
The assessed approach utilised a short-term control capability that was intended to supplement the 

ADS in situations it may find it difficult to overcome.  

Example:  

• The ego vehicle is proceeding down a one-way street and is blocked by another vehicle.  

• The only way to proceed would be to overtake the other vehicle by mounting the curb and 

pavement; this is likely something the ego vehicle is not programmed or trained to do. 

• The remote operator is able to drive the ego vehicle around the parked vehicle and re-engage 

the ADS once the vehicle is back “on path”. 

 

 

 

 

 

 

 

 

 

 

The SAVOR approach has assumed that the Remote Operator controlling the vehicle has a simplified 

driving interface consisting of the core driving control functions: 

• Steering 

• Braking 

• Acceleration 

FIGURE 1 OBSTRUCTING VEHICLE SCENARIO 
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• Wiper  

• Turn Signal Control 

• Hazard Warning Control 

• Horn actuation 

• Engage ADS 

• Disengage RMTO 

3.3.1 Control Transition 

That transition between tele-operation and self-driving modes needs to be a coordinated activity to 

ensure 

1) The tele-operator is ready to take control and responsibility for the vehicle  

2) The ADS can re-engage without introducing hazards 

For the approach undertaken on the project it is recommended that: 

• Transition to RMTO mode from ADS is only undertaken when the vehicle is stationary 

• Transition from RMTO to ADS may be undertaken whilst the vehicle is moving 

o E.g. if the ego vehicle has required RMTO support to progress across a junction, it 

should ensure (if possible) that other road users are not adversely affected (which may 

be the case if the vehicle is required to stop before proceeding in ADS mode).  

With distinct monitoring and control roles and systems, it is recommended that the engagement of 

control by the Remote Driver is an agreed action, this reflects the need for the Remote Driver to be 

ready but also the need for them to consciously accept responsibility for the vehicle operation.  

3.3.2 Operator Perception 

To provide as close to real driving experience as possible Conigital has recommends a minimum 

combination of: 

• Visual – using streamed camera feeds from the vehicle  

• Haptic – using vehicle dynamics feed from the vehicle  

• Audio – using in-cab microphone feed from the vehicle 

Audio resolution was found to be acceptable at 10KHz sampling frequency. 

Based on expert human factors input from Coventry University, the visualisation element can allow for 

overlap of different camera feeds on to different monitors but should not include any gaps: i.e., humans  

can handle and process overlapping images. 

To be able to fully remove the on-board operator, the Remote Driver will require 270 degrees FoV from 

the sensors; this is forward facing when the vehicle is advancing and rear facing when the vehicle is 

reversing.  In practice this will translate to an operator eyepoint FoV of around 130 degs if a 2m distance 

from the screens were maintained.  This will ensure sufficient perception for all manoeuvres.  

To provide a consistent perception linked to normal in-vehicle driving, rear facing visualisation should 

also be accommodated with a virtual rearview and side “mirrors”. 
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In terms of the minimum resolution for visualisation, the project has tried resolution from 360 x 240 to 

1920 x 1080 (full HD).  The system is usable across this range though details are obviously limited at the 

lower resolution.  

Observations from Coventry University confirm a higher resolution is desirable to help reduce mental 

fatigue.  The NHTSA “Visual-Manual NHTSA Driver Distraction Guidelines For In-Vehicle Electronic 

Devices”  (https://www.nhtsa.gov/staticfiles/nti/distracted_driving/pdf/distracted_guidelines-

FR_04232013.pdf) makes the following relevant recommendations in relation to driving simulators:  

1. This computer-generated imagery should be displayed in front of the simulated vehicle. The 

minimum recommended field-of-view should have a width of at least 30 degrees – based on 1 

monitor 2 m away. 

2. The recommended screen resolution should be no greater than 3 arc minutes per pixel. 

3. The recommended driver eye point to screen distance should be at least 2.0 meters. 

4. The computer-generated image should be updated at least 30 times per second. 11. The time lag 

to calculate the computer-generated imagery should not be more than 0.10 second. As a “best 

practice,” lead compensation should be provided to bring the driving simulator display into phase 

with the driver’s perception 

The above recommendations should be considered in relation to rig monitoring implementations.  

3.4 Additional Safety Measures 

3.4.1 Driver Monitoring System 

In a similar fashion to how in-vehicle operators may be monitored to ensure they are not distracted and 

are paying attention; it is recommended that remote operators are also monitored an if necessary 

“Prompted” to re-engage or switched with an alternative operator.  

Various Driver Monitoring Systems (DMS) are available to provide this functionality including the system 

developed by Conigital.  

3.4.2 Operator Training 

It is important that the Operator is trained and practiced in the following prior to being allowed to 

operate the equipment: 

1) Use of the RMTO equipment 

2) Control for each vehicle type within the target ODD 

Furthermore, it is strongly recommended that the operator is legally qualified to manually drive the 

nominated ego vehicle in the target environment (i.e. in the case where the ego-vehicle is normally able 

to be driven manually). 

To ensure only approved and trained operators are undertaking Remote Assistance and Remote Driving 

activities, it is recommended that there is an authenticated sign on to the system.  

https://www.nhtsa.gov/staticfiles/nti/distracted_driving/pdf/distracted_guidelines-FR_04232013.pdf
https://www.nhtsa.gov/staticfiles/nti/distracted_driving/pdf/distracted_guidelines-FR_04232013.pdf
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4 Summary 
An RMTO solution that allows for direct control of the vehicle (remote driving) in some circumstances, 

is viable but also dependent on the ADS capability within the ODD; this would effectively be a J3016 L3 

system but also rely on the ADS for undertaking minimum risk manoeuvres before the remote driver 

takes control.   

Fundamentally, given that the communications between the control rig and the ego vehicle cannot 

currently be 100% guaranteed, the ego vehicle must be able to achieve a safe state (i.e. complete 

minimum risk manoeuvres) independently of the remote operator; this safe state is dependent on the 

ODD and capabilities of the ADS.   

Dependency on the communications can be reduced by taking a more advisory (applying a Remote 

Assistant) approach via the operator, i.e. an advisory system can provide a reduced vehicle interaction 

time thus reducing the communications dependency. 

The work undertaken on the project has confirmed a ratio of five Remote Monitors to one vehicle is 

viable enhancing the business case.  
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