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Design Considerations for Detecting Bicycles with Inductive Loop Detectors Richard Kidarsa, Tarkesh Pande, Srinivas V. Vanjari, James V. Krogmeier, and Darcy M. Bullock computes the loop quality factor. Mills noted that lead-in cable inductance has a significant effect in the overall loop sensitivity. Whereas most of the previous research has gone into characterizing loop performance by accurately modeling its inductance and quality factor, little in the literature characterizes the “detection zones” of the loops. This is important for bicycle detection because certain loops exhibit “dead spots” at which no detection can take place. New construction practices now often place the inductive loops approximately 30 cm below the paved surface. Although these installation procedures provide acceptable detection for trucks and automobiles, their performance with bicycles is less clear. It is well known that octagonal and circular loops have dead spots for bicycle detection. Although there are certain loops that exhibit few or no dead spots for bicycle detection [for example, Caltrans Type D (4)], most inductive loops currently in use are either circular or octagonal and hence this study is focused on these loops. For a qualitative comparison between different loops for bicycle detection, the reader is referred to Wachtel (6 ). In this paper a model of the loop detector– bicycle interaction is developed and verified with field measurement. In the context of bicycle detection the paper specifically shows the following:



Inductive loop detectors are widely used for vehicle detection. Historically, these loop detectors have been installed by saw cutting 2-m-by-2-m octagons into the top 8 cm of a pavement. New construction practices often replace the octagon loop with a preformed circular shape and place this circular loop approximately 30 cm below the paved surface. Although such installation procedures provide acceptable detection for trucks and automobiles, their performance with bicycles is less clear. This paper develops a model of loop detector–bicycle interaction, verifies the model with field measurement, and provides plots documenting the location of bicycle detection zone hot spots adjacent to loop detectors. On the basis of the model, it is concluded that the performance of circular loops in detecting bicycles is almost identical to that of similarly wound octagon loops. However, when those loops are installed under the pavement, their ability to detect bicycles is significantly degraded. Because pave-over installation has several long-term life-cycle cost benefits, this paper suggests that when loops are installed in this manner, the loop closer to the stop bar be connected to its own individual loop detector, rather than wired in series, to improve its ability to detect bicycles.



Inductive loop detectors are the most widely used sensors in traffic engineering. They have been used in a variety of scenarios from vehicle class identification (1) to speed estimation along freeways (2, 3). Their primary purpose though is that of vehicle detection. The inductive loop in its simplest form is just a buried wire loop connected to an alternating current source, which creates a magnetic field. When a vehicle passes over the inductive loop, the magnetic field changes and decreases the perceived inductance of the loop. The loop, vehicle, and lead-in cable may be modeled as an equivalent inductance in a resonant circuit that determines the frequency of an oscillator. The presence of a vehicle over the loop is detected by observation of a change in resonant frequency caused by the change in inductance. The inductive loop in this capacity has been well studied, and there are design guidelines concerning how it should be constructed and operated (4). In previous work Mills (5) developed a circuit model for the inductive loop that takes into account the external parasitic capacitances, ground resistances, and transmission line effects of the cable connecting the loop to the roadside detector. From this model, software was written that accurately calculates the inductance of the loop perceived by the vehicle detection circuitry. The software also



• The effect of increasing the vertical separation between the loop and the bicycle is seen to result in a significant degradation in detection ability. • The performance is nearly the same for octagon and circular loops. Loops connected in series have much smaller detection zones than those wired independently. The rest of the paper is organized as follows. The next section gives a brief overview of the detection principle behind current loop detector technology. The model for analysis and a description of the simulation setup are given in the section on system models, which is followed by a section on simulation results. The final section contains conclusions.



LOOP DETECTOR TECHNOLOGY The goal of the loop detector is to measure the relative change in inductance of the inductive loop ΔL/L, also called loop sensitivity (S), when a vehicle is present. This, however, is difficult to measure directly. Typically, the inductive loop forms part of a tuned oscillator circuit (4) that has a resonant frequency of the following form:



R. Kidarsa; T. Pande, Box 360; S. V. Vanjari; and J. V. Krogmeier, School of Electrical and Computer Engineering; and D. M. Bullock, School of Civil Engineering, Purdue University, West Lafayette, IN 47907. Transportation Research Record: Journal of the Transportation Research Board, No. 1978, Transportation Research Board of the National Academies, Washington, D.C., 2006, pp. 1–7.
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where K is a proportionality constant. The equation above is accurate only for a coil having a high quality factor. Most practical inductive loops have that property. The presence of a vehicle over a loop causes a small reduction in the perceived inductance (L), which results in an increase in the resonant frequency. Let ΔL = Lnv − Lv and Δf = fv − fnv, where subscripts nv and v correspond to the variables in the absence and presence of a vehicle, respectively. Then fv = K ( Lnv − ΔL )
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Model of loop detector.
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Δf 1 = −1 fnv 1 − ΔL Lnv



L1 = (1c)



For small ΔL/Lnv, using the first two terms of the Taylor series expansion results in the following approximation relating the loop sensitivity to the relative frequency shift: Δf 1 ΔL 1 ≈ = S fnv 2 Lnv 2



Recall that the self-inductance of a loop having N1 turns is



(1b)



where fnv = KL nv . It can be shown that



(1d )



This is the detection strategy around which most modern detectors are based because it is much easier to measure a change in frequency. In general this is done by measuring frequency shifts, ratios of frequency shifts, period shifts, or ratios of period shifts (4). Typical values for ΔL/Lnv range from 2.5 × 10−5 to 6.4 × 10−3 (7). For a nominal oscillator loop frequency of 50 kHz this implies a frequency change of 1.2 Hz to 320 Hz. It can be seen that sensitivity at the lowest setting is a reasonably difficult detection problem.



SYSTEM MODEL In choosing a model for the bicycle, the frame of the bicycle is assumed to be made up of a lightweight nonconducting material (such as carbon fiber), and thus the only major conducting parts are the wheels. Even composite wheels have a circumferential metal band that brake pads use to contact the rim. This represents the worst-case scenario for bicycle detection, because the addition of a conducting frame increases the detection sensitivity. A single wheel of the bicycle is modeled by a circular conducting filament. The loop sensitivity in this unicycle model can be determined by simple circuit analysis. Superposition of results from the unicycle model can be used to determine the loop sensitivity for the bicycle (ΔL/Lnv). The inductive loop is modeled by a perfect conductor. That represents the best case for the detector. Additional parasitic effects (e.g., ground, reinforced steel) only degrade the sensitivity of the loop detector. The model of the loop detector and the loop detector–unicycle interaction are shown in Figure 1 and Figure 2, respectively. From circuit theory, it can be shown that the relative change in inductance of the loop detector is ΔL M2 = L1 L1L2
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where B is the magnetic flux density, I1 is the current flowing through the loop, and ds1 represents differential surface elements of Loop 1. L1 is thus obtained by calculating the flux linkage, using a surface integral between B and the surface enclosed by the loop. The mutual inductance is given by M=



N 2 ∫ B . ds 2
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where the surface integral is evaluated over the surface enclosed by the wheel; ds2 represents differential surface elements of Loop 2. An example of the magnetic flux linkage between the loop detector and unicycle wheel is shown in Figure 3. The magnetic flux density is determined by the method of finite moments with the Numerical Electromagnetic Code NEC-2 software (8). This software allows the loop geometry along with wire dimensions to be specified, and it determines the resulting magnetic flux density at a specified grid in free space. The surface integrals are calculated by numerical integration using MATLAB. The set of equations above allows the calculation of loop sensitivity for a unicycle wheel centered at any specified point in free space, allowing the effect of increasing the separation between the loop below the pavement and the unicycle wheel to be studied. The loop sensitivity for the bicycle can be computed using the circuit model shown in Figure 4. With circuit analysis, it can be shown that the loop sensitivity is given by the following: ΔL M122 M2 = + 13 L1 L2 L1 L3 L1



(5)



I1



I2



V



L1



M



L2



Leq



(2)



FIGURE 2



Model of loop detector with unicycle interaction.
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I1 X FIGURE 3 Magnetic flux linkage between loop detector and unicycle wheel.



Each term on the right side corresponds to the sensitivity of the loop in the presence of a unicycle. Superposition of the unicycle sensitivity calculations gives the sensitivity of the loop for a bicycle. So far, the sensitivity of a single loop in the presence of a vehicle has been discussed. Typically, multiple loops are used to detect vehicle presence. The multiple loops can be connected in series to a single roadside detector or each loop can be connected to its own loop detector. From the simulations it has been observed that with the geometry of a typical loop placement with four 1.8-m-by-1.8-m loops spaced 4.5 m on center, the bicycle interacts with only one loop at a time. The mutual inductance between the bicycle and the rest of the loops can be ignored. In the series connection case, the sensitivity scales down with the number of loops connected in series because the overall inductance connected to the detector is the sum of the inductances of the individual loops.



SIMULATION RESULTS Experiment 1. Model Verification
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Experiment 2. Circular Versus Octagonal Loop Sensitivities for Unicycle From Figure 5, the sensitivities of the octagonal and circular loops for unicycle detection are nearly the same. The shapes of the detection zones indicate that the performance of octagonal and circular loops are nearly identical in unicycle detection. That is illustrated in Figure 6, which shows sensitivity contour plots at a loop depth of 9 cm. These plots are in very close agreement for a variety of sensitivity settings. For this comparison, the lead-in inductance is not taken into account because it varies depending on the distance between the loops and the loop detection box.



Experiment 3. Bicycle Detection



To verify the correctness of the model, loop sensitivities predicted from the model are compared with measured loop detector data. The loop sensitivity measurements are made with a copper wire of radius 30 cm having a thickness of 3 mm using a Reno loop detector (7). The frequency at which the loop is excited is 47 kHz. The measured



I1



data correspond to the unicycle at ground level. The expected depth of the buried loop is between 4 cm and 7 cm, but the exact depth cannot be verified without destructively coring the pavement. The copper wire model removes the dependence of the results on the particular bicycle make and model used, and the results can be easily reproduced or validated. Bicycle wheels have variability in their widths and sizes resulting in variable detection performance. The goal of this research is to deduce the shapes of the detection zones based on simple theoretical models as the loop configuration parameters are changed (e.g., differing depths and wiring). The theoretical model uses a perfect conductor assumption, and hence the copper wire loop is used to verify the theoretical predictions. The conclusions drawn hold for real bicycle wheels. A comparison is made between the loop sensitivity for a unicycle and octagonal and circular inductive loops at different cross sections with both simulated and measured data. The calculation of the simulated data takes into account lead-in inductance, which is about 0.22 µH/ft (5). Simulations are performed for different loop depths below the ground. Results are shown in Figure 5. It was observed that a depth of 5 cm provides the closest fit to the measured data. Even though the lack of knowledge of the depth creates an uncertainty in the exact sensitivity, there is a general agreement between the shapes of the measured and simulated results.



Circuit model for bicycle–loop interaction.



The bicycle is modeled by two unicycles with a center-to-center separation of 1 m. The objective is to study the bicycle detection zones for standard sensitivity setting (ΔL/L of 0.02%) (7 ). A placement of four 1.8-m-by-1.8-m 1 octagonal loops spaced 4.5 m on center and connected in series is used for this purpose. Figure 7 shows the detection zone. A bicycle positioned between the two loops or placed too close to the road markings on both sides of the lane or positioned in the center of the lane will go undetected. Clearly, there are considerable dead spots both inside and between the loops, which shows a dismal performance for the default sensitivity setting. Next, the difference between the circular loop and the octagonal loop was tested. Figure 8 shows the sensitivity contours for both octagonal and circular loops at the default sensitivity. It is seen that there is not much difference in regard to the detection zone between the two. The octagonal loop has a slightly wider detection zone; the circular loop has a slightly longer zone. Nevertheless, the difference is minute, and it can be safely assumed that the loops will perform identically in real road conditions.
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FIGURE 5 Modeled versus observed relative change in inductance for octagon and circular loop (lead-in inductance included): (a) 1.8-m-by-1.8-m octagonal detector, (b) 1.8-m-diameter circular detector, (c) L/L for Cross Section b-b, (d) L/L for Cross Section d-d, (e) L /L for Cross Section a-a, and (f) L /L for Cross Section c-c.



Experiment 4. Series Versus Independent Connection In Experiment 4 the effect of connecting the loops in a series connection is compared with connecting them independently. Figure 9 shows the detection zones for series and independent connections. It is observed that an independent connection has a much larger detection zone than that of a series connection. Because the total inductance of the series connection is four times that of the independent connection, the sensitivity is reduced by the corresponding amount for a given change in ΔL (Equation 1d ).



Figure 10 shows the maximum depth at which these loops can be buried beneath the surface pavement before their detection zones almost disappear. This shows that simply by increasing the depth of the loop to 14 cm, a significant degradation results in the detection zones for the series connection. Again, the maximum depth of the independent connection significantly exceeds that of the series connection (41 cm versus 14 cm). It can be seen that there is a significant advantage in using a fully independent loop connection to detect bicycles. However, other factors such as cost and maintenance might prevent that from being widely implemented. It is proposed that one independent detector be used at least for the first loop
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FIGURE 6 Detection zone for varying L/L sensitivity for three-turn loop detecting unicycle without lead-in inductance: (a) 1.8-m-by-1.8-m octagon (depth  9 cm) and (b) 1.8-m-diameter circle (depth  9 cm).
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FIGURE 7 Sensitivity contour for L/L threshold of 0.02% for 1.8-m-by-1.8-m octagon: (a) detection zone contour of L/L at 0.02% with four loops connected in series (bike is shown entering Loop B) and (b) detection zone contour of L/L at 0.02% with four loops connected in series (bike is shown leaving Loop B).
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FIGURE 8 Sensitivity contour for L/L threshold of 0.02%: (a) comparison of detection area between circle and octagon (loops connected in series) and (b) comparison of detection area between circle and octagon (loops connected independently).
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FIGURE 9 Sensitivity contour comparison between series and independent wiring for octagonal loop with lead-in inductance. Depth of loop below ground is fixed; L/L threshold is 0.02%: (a) loops connected in series (octagon depth = 5 cm) and (b) independent loop detectors (octagon depth = 5 cm).
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FIGURE 10 Comparison of maximum depth of operation for series and independently wired octagonal loops with lead-in inductance; L/L threshold set to 0.02%: (a) loops connected in series (octagon depth = 14 cm) and (b) independent loop detectors (octagon depth = 41 cm).
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nearest to the traffic light, at which the lane discipline is dismal. The series connection could then be used for the rest of the loops. CONCLUSIONS From the experiments, it can be concluded that there is practically no difference between circular and octagonal loops for the bicycle detection problem. This paper also shows the effect of connecting the loops in series in comparison with connecting them independently. Loops connected independently provide larger detection zones than those connected in series. The independent connection provides increased sensitivity when the loops are placed deep beneath the pavement. Current practices place the loop as deep as 30 cm below the pavement to reduce maintenance costs. When bicycle detection is important, engineers should carefully consider how the detectors will be wired when this installation technique is used and at least consider wiring the loop closest to the stop bar to its own detector to improve the performance of bicycle detection. ACKNOWLEDGMENTS This work was supported by the Joint Transportation Research Program administered by the Indiana Department of Transportation and Purdue University.
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