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Introduction
The WI on “UE Positioning Accuracy Enhancements for LTE” approved in RAN #75 includes support for IMU positioning. The objective of this work item as defined in [1] includes:
· Specify support for IMU positioning:
· Specify the signaling and procedure to support IMU positioning over LPP and hybrid positioning including IMU related estimates. [RAN2, RAN1]
[bookmark: _GoBack]In the email discussion that was agreed in RAN2#99bis several options were discussed on the measurements needed to support IMU positioning. It was summarized in [4] that the measurements and the signaling needed to support UE movement model shall be taken up as a separate discussion.
This contribution provides our view on the importance of supporting UE movement models along with the IMU measurements.
Motivation
The use of specific movement models for different navigation scenarios has been proven to be advantageous [3]. These benefits will be highlighted in the following. In addition to providing valuable information for the prediction step for navigation algorithms like Bayesian filters typically used in navigation, the movement model itself contains valuable information, as it defines the role of the UE (or, more precisely, the object it is carried by) in a traffic scenario. 
We propose the use of movement models as an additional component, so that the quality of the preprocessed data or calculated velocities/attitudes/displacements as proposed in the email discussion is further enhanced.
Proposal 1: The use of movement models for processing of raw IMU data is beneficial and should be considered.
Background: Role of movement models in positioning
The role of movement models, (or, more general model transition models) in navigation is to provide an estimate of the position (or, more general, physical states) of the tracked object that can be compared with a measurement. As a simplified example to highlight the importance of movement modelling, an object moving in 1-dimensional space is observed at a time index , with a previous position estimate from an earlier time step present. The time between the time steps is At time index , the object has the position . The measurementis the position but is perturbed by the noise process 
.
In an example case, the true position is , while the noise equates to another , so that the measurement would indicate a position of . But information from the last time step  has been calculated and can be used: 


Under the assumption that the object moves with a constant velocity in this time step (which is the movement model in this toy example), the following prediction of the position can be made:


Now, the measurement and the prediction both carry valuable information, but the truth lies “in between”. If both sources of information are valued the same, the estimate is:
,
which is much closer to the original position.
If, however, both the measurement and the movement model can be further described with a reliability measure (which, in most cases is a variance or covariance matrix), the result can be further improved. For the simplified example these measures are converted into weights so that the information from the prediction is assumed to be twice as reliable as the measurement, because the noise is rather strong and the velocity of the object is almost constant in-between time steps. By adding the measurement and prediction weights as  and  respectively, the resulting estimate is
,
which is even closer to the true position. This (strongly simplified) example leads to the observation:
Observation 1:  Movement models are beneficial in navigation scenarios, as they help dealing with noisy data by exploiting available knowledge about the tracked object
[bookmark: _Ref415123869][bookmark: _Ref426028042]
There are multiple possibilities to represent quality measures for movement models and/or IMU data:
· The simplest way is to send an identifier: From the type of model and/or device (e.g. specific smartphone model), an assumption can be made in terms of the expected quality. This option will cause the least amount of traffic, but is probably not very accurate.
· The ideal option from a sensor fusion point of view is the calculation of a variance of the model and/or device quality. It prepares the LS for the fusion of multiple information sources, but because the measure is calculated on the UE, it is not controllable in how this variance is calculated. Some UEs could over- or underestimate their reliability.
· Another option is to transmit information about the (IMU and/or additional) sensors used in obtaining the model. The package would contain type and quality of used sensors and not require any knowledge about the device. If the used movement model is also transmitted, it can give additional information about the expected quality.
Observation 2:  Reliability measures for both movement models and sensor data help to further enhance positioning results. The way they are obtained and transmitted should be discussed further.
Example on the benefit of using movement models in IMU based positioning
While, for some cases, classical inertial navigation is applicable, which is rotating the accelerometer measurements into the frame the object is to be localized in and subtracting the force of gravity to obtain the objects acceleration. This is then integrated to obtain velocity and displacement. Especially when the object uses a high-grade IMU, this classical method works well.
Many motion types are too dynamic to create sensor signals that can be used to obtain meaningful estimates of the velocity, attitude and displacement. It is therefore a common practice to use movement models to extract localization information from the IMU data. 
To highlight this, an exemplary scenario is shown in Figure 1 to Figure 4: An IMU measurement of a walking pedestrian is obtained, with the 3-axis accelerometer measurement shown in Figure 1, showing a highly instationary signal.
[image: C:\Users\kramsn\Desktop\accelerometer_meas.png]
[bookmark: _Ref506277155]Figure 1: Exemplary 3-axis accelerometer measurement of a walking pedestrian.

[image: C:\Users\kramsn\Desktop\step_det_res.png]
[bookmark: _Ref506277407]Figure 2: Positioning result using classical inertial navigation (the error is within some kilometers).

Using the IMU data, an inertial navigation result (other terms are strapdown navigation or INS) is obtained and shown in Figure 2: Due to the highly dynamic behavior of the signal, a satisfying result cannot be obtained; instead the estimated position is off by kilometers at the end of the navigation scenario. 
When the signal from Figure 1 is analyzed in more detail, the steps of the pedestrian can be found in the signal, as shown in Figure 3. If, as an alternative approach, the steps are detected and used to obtain a positioning estimate, a much better result, as shown in Figure 4 can be obtained. 
[image: C:\Users\kramsn\Desktop\accelerometer_meas_zoom.png]
[bookmark: _Ref506277540]Figure 3: Zoom into the plot revealing the periodic peaks corresponding to the steps, with an exemplary one marked by the black square.

[image: C:\Users\kramsn\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Outlook\A2NXLQF7\pdr.png]
[bookmark: _Ref506277160]Figure 4: Positioning result using a motion model based approach.

Observation 3:  Movement model based calculation of the physical states of an object relevant for localization yields better results than classical inertial navigation in many positioning scenarios.

Use of movement models and associated signaling
There are multiple options for the use of movement models and the associated signaling:
1. The movement model is used to calculate displacement, velocity and/or attitude in the UE, which are then transmitted without any information as to how they were obtained. The only changes this option introduces are on the UE side, the signal does not differ from UE assisted mode.

2. The movement model is used to calculate displacement, velocity and/or attitude in the UE, which are then transmitted with together with an identifier of the movement model. This option has the additional benefit that, compared to option 1, an indicator that the movement model is transmitted and can be used e.g. for quality estimates or as additional information about the role of the UE.

3. Optionally, instead of displacement, velocity and/or attitude, the movement model identifier is transmitted together with movement model parameters (e.g. step count, step length and step direction for a walking pedestrian). This way, the least amount of data (or, more precisely, the minimum amount of data required for using the movement model) has to be transmitted, but a corresponding movement model must be executable in the E-SMLC that can calculate the required physical states (displacement, velocity and/or attitude). The amount of required data over LPP in this option are likely minimized compared to option 2 as this scheme could be regarded as a compression method for displacement, velocity and/or attitude. However a generic definition for the signaling required is not trivial. 
Observation 4: There are multiple options for the use of movement models and the associated signaling.
Proposal 2: Movement models are best used at UE side to calculate displacement, velocity and/or attitude. This data is then signaled together with at least an identifier of the movement model used.
Observation 5: The use of movement models to describe the relative displacement information (e.g. step lengths, step direction for a pedestrian model) may further reduce the required signaling data rata but likely has considerable impact on the protocol.
We acknowledge that LPPe [2] suggests the signaling of movement states with associated probability values.
Use other information sources for identification of the movement model
This section involves the question that the application of a certain movement model may not be correct, because the device is actually in a different motion state. An entity (the UE itself or the E-SMLC depending on the positioning architecture) involved in the position determination procedure could take into account additional sources of information. Additionally, decision on applied movement models could be associated with probabilities to reduce problems in the case of misclassification by avoiding a “hard” decision.
Apart from IMU data, additional sources of information on the movement model may be available in the context in the context of the positioning scenario. These include (but are not limited to) the UE type (e.g. a car, i.e. a UE in a car cannot walk), the physical models (e.g. a smartphone moving at 50 km/h is unlikely to be held by a pedestrian), the logical position (e.g. the user of a smartphone is unlikely to drive a car within a building) and other information sources. All relevant information can be used as features in a classification approach. 
The benefit of additional information is shown in Figure 5. Using features obtained from the 3-axis accelerometer data (namely the magnitude and variance), running can be separated from cycling and walking, but walking and cycling cannot be separated. If the constant velocity (obtained from another information source) is used as an additional feature, the separation could be implemented easily, as a walking pedestrian moves much slower than a cyclist.

[image: ]
[bookmark: _Ref506277848]Figure 5: Exemplary movement model classification using accelerometer data. 

Observation 6: Apart from IMU measurements, other sources of information also carry important information for identification of movement models.

Communication of movement models between different information sources:
To enable additional information sources to contribute to the overall classification result, two aspects have to be taken into account: How to handle ambiguity of the information and how to weight the reliability of the information sources. To capture the ambiguity, we propose to use a structure similar to a probability mass function (PMF). For each movement model that is relevant for the UE type, a probability of occurrence is given by the information source. The structure is shown in Table 2: For each of the possible movement model identifiers MID1 to MIDN, where N is the number of valid movement models defined for the type of UE, a matching probability is given. While this representation also includes the reliability, the information source assigns to itself (the higher the highest probability among movement models within the PMF in relation to the others, the more “sure” the source is of its estimation), another quality measure assigned by the system is proposed for weighting the information sources. The number of transmitted movement models should be limited, so that the probabilities of unlikely models are not transmitted. Our proposal is to limit the signaling to the 3 most likely models. 
	MID1
	MID2
	…
	MIDN

	
	
	…
	


[bookmark: _Ref505333725]Table 2: Representation of movement model estimates in form of a PMF
The proposed steps are:
1. The UE type is transmitted to all information sources that can generate movement model estimates, limiting the possible movement models.
2. The information sources estimate the movement models and represent their results in a PMF.
3. The PMFs for all movement models are limited to the N (e.g. 3) most likely estimates. The PMF is renormalized so that the sum of all probabilities is 1 again. 
4. The information source is assigned a quality measure  (e.g. from the E-SMLC)
5. The PMFs created by all information sources are linked into a general PMF using a normalized weighted sum (the models excluded in transmission can be set to 0).

Observation 7:  To capture both ambiguity of estimates and quality, the representation of the movement models with a structure similar to a PMF and an additional quality measure is preferable.

Use of movement model information apart from positioning
The benefits of movement modeling are manifold. The most obvious use is using the obtained information about the movement in a navigation filter, but is also of use in other situations. Here, some examples are given.
1. Using movement model information to evaluate the traffic situation (e.g. a dangerous situation is more likely to happen if there are pedestrians moving on a highway)
2. Navigating people in crowded environments (e.g. leaving/entering events like concerts)
3. Tracking the motion state of IoT devices (e.g. find out if a container is moving)
Observation 8:  Motion model information is also beneficial for applications apart from positioning.

Conclusions
Based on the above discussion, we have the following observations:
Observation 1:  Movement models are beneficial in navigation scenarios, as they help dealing with noisy data by exploiting available knowledge about the tracked object.
Observation 2:  Reliability measures for both movement models and sensor data help to further enhance positioning results. The way they are obtained and transmitted should be discussed further.
Observation 3:  Movement model based calculation of the physical states of an object relevant for localization yields better results than classical inertial navigation in many positioning scenarios.
Observation 4: There are multiple options for the use of movement models and the associated signaling.
Observation 5: The use of movement models to describe the relative displacement information (e.g. step lengths, step direction for a pedestrian model) may further reduce the required signaling data rata but likely has considerable impact on the protocol.
Observation 6: Apart from IMU measurements, other sources of information also carry important information for identification of movement models.
Observation 7:  To capture both ambiguity of estimates and quality, the representation of the movement models with a structure similar to a PMF and an additional quality measure is preferable.
Observation 8:  Motion model information is also beneficial for applications apart from positioning.

Following proposals are made as a result:
Proposal 1: The use of movement models for processing of raw IMU data is beneficial and should be considered.
Proposal 2: Movement models are best used at UE side to calculate displacement, velocity and/or attitude. This data is then signaled together with at least an identifier of the movement model used.
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