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ABSTRACT
Driverless vehicles must operate with a safety integrity level, but urban environments degrade GNSS navigation accuracy and
thereby fault-free integrity. Integration with INS helps maintain continuity, but position errors drift over time without GNSS
signals. Whether modern navigation systems can provide satisfactory integrity for driverless vehicles throughout a city is still
undetermined. This research investigates how GNSS and INS, when appropriately augmented by LiDAR ranging from local
landmarks, can safely navigate vehicles through a real-world urban environment. We begin by defining safety requirements
for driverless vehicles under fault-free conditions and developing measurement models for multi-sensor integrated navigation
systems using an EKF. The critical elements of urban navigation are then discussed, including individual INS noise parameter
specifications and the effect of velocity updates. Simulations along a nine-kilometer-long urban transect in downtown Chicago
show that velocity updates can extend navigation continuity by bridging intermittent GNSS signal availability. However, position
reference updates at 35-meter intervals, in our case LiDAR ranges from local landmarks, are needed to achieve 100% navigation
availability through the transect.

I. INTRODUCTION
Driverless vehicles will need to operate with integrity levels on local and residential streets subject to corresponding accuracies
at the centimeter-level (Reid et al., 2019). GNSS Real-Time Kinematic (RTK) positioning makes this feasible under open-sky
environments, but many local and residential streets are surrounded by buildings that cause limited satellite visibility and
significant multipath effects. The fact that urban environments degrade GNSS navigation performance is well-known, and the
challenge of urban navigation has been investigated in previous studies.

The performance metrics of accuracy, integrity, continuity, and availability have been used to define navigation requirements for
aviation for decades (Davis and Kelly, 1993) and, more recently, have been extended into land applications in urban environments
(Zhu et al., 2018). A useful preliminary set of requirements applicable to future driverless vehicles operating on local and
residential streets is provided in (Reid et al., 2019).



Exclusion of reflected GNSS signals is essential for integrity in urban road environments (Cosmen-Schortmann et al., 2008). 3D
environment maps provide the means to trace GNSS signals. The concept of ‘shadow matching’ identifies the signal blockages
in urban canyons (Groves, 2011). Overlaying sky plots on a hemispherical sky view can be used to distinguish between the line
of sight (LOS) and blocked signals (Chapman et al., 2002). A Householder transformation predicting reflected rays helps to
identify satellite signals affected by multipath reflections (Householder, 1958), and the exclusion of the associated measurements
from the position estimation process prevents accuracy from degrading (Obst et al., 2012). However, an excessive number of
such exclusions comes at the cost of satellite shortages and losses of GNSS carrier phase cycle ambiguities and RTK positioning
accuracy.

Integration with an inertial navigation system (INS) can help provide continuous navigation by handling the GNSS signal outages.
Tightly coupled INS/GNSS using an Extended Kalman filter (EKF) provides better position estimation in urban environments
(Falco et al., 2017), and an inertial measurement unit (IMU) based on micro-electro-mechanical systems (MEMS) makes INS
affordable (Titterton et al., 2004). The EKF algorithm also enables the integration of wheel speed sensors, vehicle kinematic
constraints, and zero velocity updates (ZUPT) (Gao et al., 2007) (Grejner-Brzezinska et al., 2002). The interaction among the
sensors—INS bridging the GNSS signal outages, and GNSS calibrating the drifting INS error—ensures that centimeter level
accuracy is maintained before the error increases to a critical level. If the vehicle enters GNSS denied areas, the positioning and
the drift control burden will be shared with light detection and ranging (LiDAR) positioning from local landmarks (Brenner,
2009).

Multi-sensor integrated navigation systems improve position accuracy, but whether the navigation systems can provide satis-
factory integrity for driverless vehicles throughout a city is still undetermined. The research investigates how GNSS and INS,
when appropriately augmented by LiDAR ranging from local landmarks, can achieve navigation safely through a real-world
urban environment under fault-free conditions. Additionally, we determine the critical elements of urban navigation, including
individual INS noise parameter specifications and the effect of velocity updates.

The paper is laid out as follows. Section II describes navigation performance requirements for driverless vehicles and evaluates
GNSS-only availability along a nine-kilometer-long urban transect in downtown Chicago. In Section III, we develop sensor
measurement models and introduce a tightly coupled INS/multi-sensor integration scheme using the EKF. Section IV determines
the elements critical to the reduction of urban navigation error, including individual INS noise parameter specifications, the
effect of velocity updates, and local reference landmark density. In Section V, simulations are executed to demonstrate how
multi-sensor navigation systems can achieve fault-free integrity in a real urban environment. The last section presents our
conclusions.

II. NAVIGATION PERFORMANCE REQUIREMENTS
1. Integrity
To ensure integrity, a vehicle’s horizontal positioning error is bounded by a protection level computed with respect to designated
probability. Integrity can be evaluated based on whether the protection level exceeds a required alert limit. For this work, we
assume driverless vehicle integrity requires that the probability of exceeding a 0.5-meter alert limit must be lower than 10�7. The
0.5-meter alert limit corresponds to approximately a 5 � event under fault-free conditions (Fig. 1), so the maximum allowable
position error standard deviation is then approximately 0.1 meters. In the remainder of the paper, we will use the 0.1-meter
(1�) position error standard deviation as an approximate fault-free integrity evaluation threshold in both the along-track (the
heading, x) and the cross-track (the lateral, y) directions.

Figure 1: Fault-free integrity requirements used in this work.




	INTRODUCTION
	Navigation Performance Requirements
	Integrity
	Continuity and Availability
	GNSS Availability in a City

	Multi-sensor Integrated Navigation Systems
	Critical Elements of Urban Navigation
	Analytic INS Position Error Models
	Velocity Update
	Position Reference Density

	Simulations
	Conclusion

