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Table 1. Schema of a Detections table.

Field Description

time The time at which a Reader R;, detects tag T, and creates the detection record.

position  The 2D position of the Reader Ry, at time of detection is represented by relative X, y coordinates.

distance The tag to Reader distance, measured using RSSI.

Table 2. Schema of an Absolute Tag Location table.

Field Description

time The time at which a Reader R, estimates the location of tag T,; based on the tag’s detection information.

location The estimated location of T}, is represented by X, y coordinates.

Readers scan the surrounding vicinity to detect tags in their proximity, fetch Detections, ATL,
and TDV tables, in addition to IS records. If enough detection entries are available to perform
trilateration, the tags” location is estimated, and tables in the tag’s memory are updated.

By this schema, tags” memories are always updated once detected by Readers. For each successfully
identified tag T, by a given reader Ry, the reader creates a detection record in the memory of T,.

The tables in the tag’s memory allow the reader to estimate the tag’s current location. Note that
the location estimation algorithm is performed by readers. Tags function is limited to inertial
sensors information recording. Location information processed by the reader is then reported to
a central database (online or offline), which is accessible by a user that is interested in the location of
a specific tag(s).

4.2. Inertial-Based Shifting Trilateration (IBST) Technique

Typically, most distance-based localization techniques assume that the measured spatial
information, even those from mobile anchors, is synchronous and sufficient to localize objects.
Thus, they estimate the object position based on the intersection of the given spatial information (i.e.,
trilateration, bounding box, etc.). In dynamic reader deployment environments, this assumption may
not be applicable, which results in blind spots where no location estimation is possible. In fixed and
pre-deployed reader environments, high-density reader deployment will be needed to ensure full
coverage of the targeted area.

Inertial-Based Shifting Trilateration (IBST) is proposed to overcome insufficient spatial information
(i.e., non-intersecting ranges from three or more readers is available). In IBST, once new ranging
measurements by RSSI are available (i.e., once a tag is detected by a reader), we expand the range
around the previously calculated location(s) based on the tag’s IS records. Next, we introduce IBST
shifting process and algorithm.

4.3. IBST Process

In IBST, the range from the reader to a detected tag is considered a circle that is centered at the
Reader position. The radius of such a circle is the mapped distance from the RSSI channel model and is
bounded by the maximum reading range of the reader.

IBST makes the previously estimated location(s) centers for circles with radii based on the recorded
inertial sensor readings upon current detection. Ultimately, to apply trilateration, at least two previous
estimated locations in addition to the current detection range by the reader are needed.

Definition 1. (detection set): Given a set of K Readers, the detection set of a tag i is the spatial information
measured simultaneously or consecutively, is denoted by I, where k € {K}, and is ordered chronologically in the
tag’s memory.
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Figure 3. Illustration of the proof of Theorem 2 for a tag being detected by two readers. The shifted
readers 1 and 2 in dotted gray circles are non-collinear, which results in a single location solution.
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Figure 4. Illustration of the case of collinearity between the shifted readers 1 and 2 in dotted gray
circles and the third reader. This case results in two location solutions.

4.4. IBST Algorithm with Ideal Inertial-Magnetic and Range Readings

IBST is executed, as in Algorithm I, to maintain location estimation in fixed and dynamic reader
settings. The input is a number of asynchronous detections and the output is the updated Absolute
Tag Location (ATL) tables. In Algorithm I, inertial sensors readings are stored in the tags” memories
between subsequent detections from readers (lines 2-4). Once the tag is detected by a reader, the reader
reads the Inertial Sensors (IS) records and updates the Detections table with the time of detection,
reader’s location, and range between the tag and the reader (lines 5-6). If the tag has been detected
previously by another reader, the current reader calculates the displacement vector from the previous
reader to the current one (lines 7-9).

Once the tag with a known initial location has three entries in the Detections table, trilateration
equations are applied to calculate the tag’s current location. The current location is the intersection of
three circles: the two circles around latest two Absolute Tag Location (ATL) entries (with radii that
are based on the shifts from inertial sensor vectors) and the circle around the current reader (with
estimated range as the radius). Once the location is calculated, the oldest detection entry has no
bearing since next detection will be the new third detection (line 15). If the trilateration results in one









Sensors 2019, 19, 5204 10 of 19

Shifting R1 by vi =

Figure 5. Example of the intersection points set (C) between shifted R (R3’) and Rs in red circles.
Example of shifted previous intersection points set (A) in yellow circles.
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Figure 6. The four possible scenarios for the selection between points C; and C, addressed in lines
15-23 of Algorithm II.
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Figure 7. Example of the updating process of ATL;_;. (a) Selection of feasible point in C (b) based on
the selected C (C; in this example = ATL;); ATL;_; is updated by ATL;- v»_,3 denoted by the yellow star.

Algorithm II. Inertial-Based Shifting Trilateration.

Input: Asynchronous readers’ detections, raw inertial sensor data
Output: Updated Absolute Tag Location (ATL)

1: initialize tag memory: empty Detections, IS, TDV

2: while (tag is not detected)

3 Do record data from inertial sensors in IS table

4: End While

5: Read Detections, IS, and TDV tables // a tag is detected

6: Update Detections table with current detection

7: If (Detections table has 2 entries)

8 Calculate displacement vector(s) vg_,; based on IS table

9 Co = Circle around ATLg coordinates in [j by a radius of |[vg—1|

10: C; = the circle around the current reader by a radius of RSSI mapped detection range
11: Calculate the set of intersection points between Cy and C;

12: All intersection points I are reported to a central server as ATLy ;,i €]

13:  Else if (Detections table has 3 entries) // check for enough detections to perform IBST
14: Calculate displacement vector(s) v1, based on IS table

15: Co = Circle around ATLg coordinates in [ by a radius of |[vg_||

16: C; = Circle around ATL; coordinates in [{ by a radius of |[v1 ||

17: C, = the circle around the current reader by a radius of RSSI mapped detection range
18: Calculate the set of intersection points A’s between Cy and C;

19: Calculate the set of intersection points B’s between C; and C;

20: If (there are 2 intersections between C; and C»)

21: ATLy = B. of min ([[A1 - B1ll, [|A1 = B2ll, lA2 — B1llllA2 = Ball),

22: Else if (there are 4 intersections between C; and Cy)

23; ATL, 1 = B of min (IlA; - BylllA1 = BalllA2 — BylllA2 - Ball),

24: ATL, 5 = B. of min (||A3 - B3|lllA3 — ByllllA4 — BsllllAg — Byll),

25: Update Detections table with lg’ and TDV table with v1_,,, go to 2

26: Else (there is no intersection between C; and C;)

27: Find vector from Bi = A; - Ry, find D; = ||A; — Ry|| for i=1to 4

28: ATLy; =Ry + dZ-Bi of min D;,

29: End if

30: Report ATLi to a central database server

31: Update Detections table with I and TDV table with v1_,5, go to 2
32: Else

33: goto2

34: EndIf
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Figure 9. Inertial-Based Shifting and Trilateration (IBST) example of a tag that moves in a path which
intersects the four readers Ry to Ry.

5. Performance Evaluation

In this section, we analyze the performance of our proposed IBST system through extensive
simulations and validate the proposed scheme by comparing it with the following two previous












