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Abstract: This paper pertains to the reduction of measurement errors due to drift in rate 
gyros used for tracking the position of moving vehicles. In these applications, gyros and 
odometry are often used to augment GPS when GPS reception is unavailable. Drift in 
gyros causes the unbounded growth of errors in the estimation of heading, rendering low-
cost gyros almost entirely useless in applications that require good accuracy for more 
than just a few seconds or minutes. Our proposed method, called “Heuristic Drift Reduc-
tion” (HDR), applies a unique closed-loop control system approach to estimate drift in 
real-time and remove the estimated drift instantaneously from the gyro reading. The pa-
per presents results of experiments, in which a gyro-equipped car was driven hundreds of 
miles on highways, rural roads, and city streets. HDR reduced the average heading error 
over all of these drives by one order of magnitude. 
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1 Introduction 

For almost all outdoor land navigation tasks, GPS is the obvious sensor of choice. How-
ever, it is well known that dense tree coverage or so-called “urban canyons” can occlude 
satellite signals. In military applications intentional jamming of GPS radio signals is also 
a concern. Indoors or underground, GPS is unavailable altogether. Indoor vehicle track-
ing applications and outdoor applications, in which GPS outages are anticipated, require 
therefore non-GPS solutions, at least some of the time. 

For the vehicle tracking system of this paper, we assume that the vehicle is moving on 
near horizontal terrain for most of the time and therefore we used a single one-axis gyro 
to measure the yaw-rate, from which relative changes in heading can be computed. 

The output of a gyro is rate-of-turn, ω. In vehicle tracking applications, one is usually 
interested in heading, which can be computed from ω by integrating the output signal 
numerically. The numeric integration has a tendency to cause errors due to “bias instabil-
ity,” more commonly referred to as “drift.” Drift is produced when small, slow-changing 
deviations from the correct signal are integrated with respect to time. The highly undesir-
able result of drift is that the error of the computed output—relative heading—increases 
continuously and without bound.  

Gyros are also sensitive to changes in temperature, which incur slow-changing devia-
tions, just like drift does. Our proposed drift reduction method counteracts all slow-
changing errors regardless of whether they were caused by the physical phenomena of 
drift or temperature sensitivity. For that reason, throughout this paper, we lump all slow-
changing error sources together and call them collectively “drift.” 

Yet another source of errors in computing heading is high-frequency noise in the 
gyro’s output signal. The accumulated error due to the integration of this signal is called 
“Angle Random Walk” (ARW). However, in the computation of heading from the gyro’s 
rate of turn measurements, errors due to ARW are relatively small, since the ARW’s av-
erage is about zero. 

Before explaining our proposed drift reduction method in detail in Section 2, we dis-
cuss here briefly several others approaches. The most common method for reducing the 
effects of gyro drift is to integrate data from an Inertial Measurement Unit (IMU) and 
GPS [Cavallo, et. al. 2005] [Mohinder, et. al., 2002], [Grejner-Brzezinska, et. al. 2006]. 
Another method integrates data from a magnetic compass as well [Cho, et. al. 2003]. The 
main drawback of these approaches is that they require GPS and/or magnetometer data, 
which are not available all the time. Basnayake et al. [2005] proposed a method that 
makes use of available maps and uses map matching techniques for further enhancement. 
Some other methods have been proposed that try to improve accuracy by find a mathe-
matical model for bias errors [Paniit and Wwibang, 1986][ Chen, X, 2004]. However, 
these techniques have limited applicability and can only estimate the deterministic part, if 
any, of the bias drift. 

Our proposed method, called “Heuristic Drift Reduction” (HDR), exploits the fact 
that many surfaces, on which vehicles travel are man-made and oftentimes have straight 
line features. At any moment, the HDR method estimates the likelihood that the vehicle is 
driving along a straight line. If that likelihood is high, HDR applies a correction to the 
gyro output that would result in a reduction of drift if indeed the vehicle was driving 
along a straight line. If HDR assesses that the vehicle is not traveling straight, then it does 
nothing. This way, and on an abstract level, HDR uses landmarks (i.e., man-made 
straight-line features), but there is no requirement that the location of these landmarks be 
known in advance.  

The remainder of this paper is organized as follows. Section 2 explains the basic HDR 
method in the context of ideal conditions. Section 4 discusses how real conditions differ 
from ideal conditions, and provides several enhancements to the HDR algorithm to help 
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cope with real conditions. Section 5 shows experimental results obtained with HDR ap-
plied to a gyro in a vehicle tracking system. Conclusions are presented in Section 5. 

2 Heuristic Drift Reduction 

Suppose a vehicle is driving straight forward. Moving straight forward, the output of the 
gyro should be exactly zero throughout the trip. However, due to drift the actual output is 
off by some small value, ε. Suppose further that we divided the total travel distance into 
one-second intervals. Due to the drift error ε, in each interval the rate of rotation com-
puted based on the gyro measurements is thus  

ωraw,i = ωtrue,i + ε0 + εd,i (1) 

where  
ωraw,i  – Rate of rotation measurement. This is the direct output of the gyro.  
ωtrue,i  –  True rate of rotation. In reality ωtrue is not known or measured, but in our ideal-

ized straight-line example ωtrue = 0.  
ε0  –  Static bias drift, measured immediately prior to a drive. 
εd,i  –  Drift (i.e., bias instability).  

Immediately prior to each drive and with the gyro held completely motionless, the 
static bias drift ε0 is measured by averaging Tbias = 30 seconds worth of gyro output. The 
value for Tbias depends on the quality of the gyro and can be estimated by using the Allan 
Variance analysis [IEEE, 1996]. Tbias is also called “bias time.”  

During the drive, ε0 is subtracted from every reading of ωraw,i:  

ω’raw,i = ωraw,i - ε0 = ωtrue,i + εd,i (2) 

Then, the new heading ψi is computed 

ψi = ψi-1 + ω’raw,i Ti (3) 

where 

ψi  –  New computed heading [°]. 
Ti –  Duration of time interval i [sec]. Throughout this paper, Ti = 1 sec.  

3 The Basic Heuristic Assumption  

During straight-line travel, if εd,i is positive, then the perceived change of heading in this 
interval is counter-clockwise (we will call this a “left turn,” for simplicity) and if εd,i is 
negative, then the perceived change of heading is clockwise or a “right turn.” 

It is unpredictable whether εd will be positive or negative and εd may change signs 
during a drive. However, if εd changed signs very often during a drive, then drift errors 
will partially cancel each other out and the overall error is less severe. Our greater con-
cern is thus for cases where εd keeps the same sign for prolonged periods of time and 
thereby accrues heading errors in the same direction. For the sake of simplicity, we as-
sume in the remainder of this section that εd keeps the same sign throughout the drive. In 
practice, however, this is not a necessary requirement for the HDR algorithm and εd may 
change signs. 

If εd keeps the same sign throughout the drive, then in each interval Ti the heading er-
ror will have the same direction regardless of the unpredictable and ever-changing value 
of εd.  

For a straight-line drive of 1,000 seconds and assuming εd is positive, there are 1,000 
intervals, in which the vehicle tracking system erroneously perceived that it had turned 
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left (due to the positive drift assumed in this example), and zero intervals, in which it 
erroneously perceived it had turned right. Noise in the gyro output can blur this sharp 
ratio somewhat, but as long as the average of the noise is zero there will still be a signifi-
cantly larger count of perceived left turns than right turns. Moreover, once the absolute 
drift value exceeds the magnitude of the noise, noise will no longer have any influence on 
the left turn/right turn count.  

More importantly, even a sharp turn will affect this counting scheme only briefly, 
namely for the duration of the turn. Once the turn is over, there will again be many more 
perceived left turns, due to the positive drift.  

Next we will introduce a practical method that can effectively estimate the magnitude 
of drift based on the proceeding observations.  

3.1 The Basic HDR Algorithm 

In order to explain the basic HDR algorithm, we continue to make the simplifying as-
sumption that when a vehicle drives, it moves along straight lines—at least some of the 
time. In a later section we will introduce enhancements to the basic HDR method that 
allow us to drop the simplifying assumption of this section and deal effectively with all 
realistic conditions.  

The basic HDR algorithm functions essentially like a closed-loop control system. This 
is different from most other measuring systems, where signals pass from the sensor to the 
instrument’s output in open-loop fashion. Figure 1 shows a block diagram of the closed-
loop control system implemented in the HDR algorithm.  

Our above-stated simpli-
fying assumption means that 
ωtrue= 0 is correct at least 
some of the time. When 
ωtrue= 0, then the only output 
from the gyro (after subtract-
ing the static bias drift ε0) is 
εd. For our closed-loop con-
trol system, εd is a distur-
bance. Because of the I-
controller, and provided the 
control parameters are prop-
erly chosen, the control sig-
nal I will track (but with an 
opposite sign) slow changes 
of εd with no offset. That is, 
I ≅ -εd under ideal conditions.  

The ideal condition 
ωtrue= 0 is, of course, rarely 
met. Indeed, ωtrue can briefly 
be orders of magnitude larger 
that εd, for example, when the 
vehicle takes a turn. In that 
case a conventional I-
controller does not work well, since it would respond strongly to large values of |ωtrue|, 
thereby overwhelming the integrator in the I-controller. To avoid this pitfall, the 
I-controller should be insensitive to the magnitude of the error signal E. This can be 
achieved by treating the error signal E as a binary signal that can have only one of two 
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Figure 1: The basic HDR algorithm viewed as a closed 
loop control system. The binary I-controller is explained in 
the text. 
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values: positive or negative. This way, the integrator I reflects the difference between the 
numbers of perceived left and right turns, as explained in the proceeding section.  

For the implementation of the algorithm we should note that since the setpoint ωset is 
permanently set to zero, the following is true: 

When ωi-1 > 0 (a perceived left turn), E is negative 
When ωi-1 < 0 (a perceived left turn), E is positive 
We can now formulate the binary I-controller 

⎩
⎨
⎧

<+
>−

=
−−

−−

)right turn perceived(a   0for       
   left turn) perceived(a   0for         

11

11

ici

ici
i ωiI

ωiI
I  (4a) 

where 
ic  – Fixed increment [°/sec]  
 

An alternative way of writing Eq. (4) is 

ciii iωII )(SIGN 11 −− −=  (4b) 

where SIGN() is a programming function that determines the sign of a number. SIGN 
returns ‘1’ if the number is positive, ‘0’ if the number equals zero, and ‘-1’ if the number 
is negative. 

The next element in the control loop adds the controller output to the raw measure-
ment 

ωi = ωtrue + εd + Ii  (5) 

where 
ωi  – Corrected rate of rotation [°/sec]. 

If I ≅ -εd, as we assume for now to be the case under ideal conditions, in steady state, and 
because of the closed loop control system, then by substituting I ≅ -εd in Eq. (5) 

ωi ≅ ωtrue,i  (6) 

This result is desirable, since the unknown drift is removed.  

4 Realistic Conditions 

In order to explain the basic HDR algorithm we assumed that much of the driving was 
along perfectly straight lines. During ideal straight-line motion, any perceived right or left 
turn is indeed the result of drift. In reality, however, vehicles don’t drive exactly straight. 
In Section 4.1 we discuss typical detractions from ideal straight-line driving, such as 
swaying, curving, and turning. Then, in Section 4.2, we present enhancements to the ba-
sic HDR algorithm, aimed at counteracting these detractions. 

4.1 Detractions from Ideal Straight-line Motion 

4.1.1 Swaying 

We call motion that is intended to be straight but is not entirely straight “swaying.” 
Swaying is the result of minute steering corrections that a human driver performs intui-
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tively in order to stay near the center of a traffic lane. An example for swaying is shown 
in Figure 2. Errors due to swaying can be reduced significantly by low-pass filtering, as 
will be explained in Section 4.2.1. 

4.1.2 Curving 

Curving is the motion along an extended arc. This motion is potentially the least favor-
able one for the HDR method. That is because extended driving along an arc with a very 
large radius will be perceived continuously as a turn in the same direction and counter-
acted just like drift. In the worst case, if the arc curves, say, to the left, while the actual 
drift is to the right, then the HDR algorithm will try to counteract the perceived left turns 
and increase I, thereby actually increasing the error caused by drift alone.  

This is a particular concern with minor roads that 
follow natural terrain and consist mainly of curving 
segments. In those cases, the basic HDR will not work 
well. Being aware of this limitation, we developed a 
method for detecting curving motion. This method, 
described in detail in Section 4.2.3, gradually reduce 
the effect of HDR as long as the curving motion per-
sists, so as to avoid the introduction of greater errors. 
The effectiveness of this measure will become appar-
ent in the “Suburbs” experiment listed in Section 5.  
In that experiment we intentionally drove along a 
route that comprised mostly of the curving streets 
found in many typical suburban subdivisions in the 
United States. Even then HDR reduced heading errors 
by a factor of 3.4 (see Section 5). This improvement 
was possible because even curving roads have short 
straight-line sections, and HDR tracks drift whenever 
the vehicle is on a straight line section. 

4.1.3 Turning 

Turning is a sharp but short change of direction. Examples are street corners or intersec-
tions of rural roads. Turns are easily identified because the gyro measures much larger 
rates of rotation during turning than what can be expected as a result from drift. Thus, a 
simple test can be performed in software: if |ω| is larger than some threshold, then Eq. 4 
can be skipped altogether.  

4.2 Refinements to the Basic HDR Algorithm 

In this section we discuss several enhancements to the basic HDR algorithm. Together, 
these enhancements overcome the two main challenges for the HDR method under real 
conditions: swaying and curving.  

4.2.1 Low-pass Filter 

Passing raw gyro readings through a low-pass filter is normally not necessary for estimat-
ing heading, since the act of integrating the measured rate-of-turn to estimate heading 
acts by itself as a low-pass filter. However, in the HDR system a low-pass filter for 
smoothing the noisy gyro signal has a dramatic effect, since HDR acts on each individual 
gyro reading prior to the numeric integration. The low-pass filter is implemented in soft-
ware 

Swaying Curving Turning  
Figure 2: Three types of non-
straight motion: Swaying, 
Curving, and Turning. 
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'  (7) 

where 
Ti  – Sampling time 
ω’ – Low-pass filtered rate of turn  
τ  – Low-pass filter time constant  

4.2.2 Turn Switch 

Another enhancement to the basic HDR system, albeit a trivial one, is what we call the 
“Turn Switch.” When the vehicle takes a sharp turn, then the absolute value of the gyro-
measured rate of turn, |ω’|, spikes up to values that can be one or two orders of magnitude 
larger than any change in |ω’| due to drift. To prevent large rates of turn from affecting 
the Integrator I, a simple binary threshold can be used to distinguish between large |ω’| 
due to turning and small |ω’| that might be due to drift. If a reading of |ω’| exceeds that 
threshold, then the algorithm reduces the value of ic to zero, for as long as |ω’| remains 
above the threshold. This measure effectively suspends the HDR algorithm, since HDR 
keeps incrementing I by zero until the condition is resolved. By doing so, HDR prevents 
itself from modifying I in response to signals that are caused by true turning, not by drift.  

⎩
⎨
⎧

≥
<

=
  Θfor               1

Θfor               0

1-i

1-i

w

w
i ω

ω
W  (8) 

where 
Wi  – Turn switch 
Θw  – Turn threshold 

4.2.3 Repetition Attenuator 

While sharp turns are easy to identify and handle by the Turn Switch, a challenge for the 
HDR algorithm is the difficulty of distinguishing between the effect of curving (e.g., 
driving along a slightly curved road) and drift. Curving is highly detrimental to the HDR 
algorithm, as illustrated in Figure 3. Figure 3 depicts an excerpt of a simulated drive that 
comprises three motion components: straight-line driving up to t = 659 sec, followed by 
slow curving at 2°/sec from t = 660 to t = 679 sec, followed by straight-line driving. We 
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Figure 3: A simulated straight-line drive, interrupted by moderate curving at 2°/sec from 
t = 660 sec to t = 679 sec. The curving causes a large spike in -I, which therefore no 
longer tracks drift. This introduces a large error in  ω, namely, the negative peak between 
t = 680 sec and t = 700 sec. 
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chose a simulated drive for the discussion of Figure 3 because the simulation allows us to 
show the simulated and thus known drift, whereas in reality, of course, drift is not known. 
With ω = 2°/sec during turning, its peak is not shown in Figure 3. Also, ω appears ragged 
because we simulated it with a very slight sinusoidal swerve that has a frequency of 0.1 
Hz. Furthermore, since the plotted ω is the corrected ω (i.e., the output of the HDR con-
trol loop), it includes the oscillations of I (explained below). The light grey curve in 
Figure 3 is the simulated drift, εd, and the dark, thick curve is a plot of the output of the 
Integrator I, but with a negative sign. We plotted -I instead of I because, as expected from 
the closed-loop HDR control system, -I tracks the drift in steady state and during straight 
line driving, and that becomes obvious only when the two curves overlay each other as is 
the case when plotting -I. 

If we assume for a moment that the Turn Switch threshold, as discussed in Section 
4.2.2, is above 2°/sec, then the HDR algorithm cannot distinguish between curving and 
drift by means of the threshold. Consequently, HDR keeps incrementing |-I| by ic for the 
20 seconds of curving. This results in a steeply increasing |-I| so that -I does not at all 
track drift, but rather chases ω.  Once the curving ends at t = 680 sec, |-I| peaks at 1.2°/sec 
(not shown in Figure 3). This is a very large error in |-I| and highly undesirable, since -I is 
supposed to track drift. Moreover, since ω includes I, ω assumes a value of -1.2°/sec at 
t = 680 sec, instead of its nominal value of zero. With ω now negative, -I chases it 
downward, thereby increasing ω. With ωtrue = 0, at t ≅ 700, ω becomes zero again once -I 
intersects the drift curve. From that point on -I oscillates around the drift and steady state 
is reached. The episode, however, introduced an undesirably large error in ω.  

To rectify this problem, we make use of the observation that straight-line motion, 
where -I properly tracks drift, and curving, which misleads the HDR algorithm, can be 
distinguished by looking at the number of time intervals during which ω retains its sign. 
This is because at steady state, during straight line travel, ω tends to oscillate about zero 
as -I oscillates about drift, as is evident in Figure 3. In contrast, during curving, ω retains 
its sign, because -I chases ω.  

With that distinguishing characteristic in mind, we can now implement the third en-
hancement for the HDR algorithm: the Repetition Attenuator, R. The task of R is to 
gradually reduce the value of the increment ic, for every interval in which the sign of ω 
remained unchanged. For that, we first define a repetition counter, r. r is incremented by 
‘1’ for every iteration, in which the sign of ωi-1 remains unchanged from that of ωi-2 (note 
that since ri is used to compute ωi we have to go back two iterations, to ωi-2, to see if the 
sign has changed). 

⎩
⎨
⎧

≠
=+

=
−−

−−−

)(SIGN)SIGN(for                1
)(SIGN)SIGN(for       1

21

211

ii

iii
i ωω

ωωr
r  (9) 

Then, the original increment ic is reduced in some inverse proportion to r. In our sys-
tem we created this inverse proportion by this function: 

2
1

1

1
1

c
i

i rc
cR

+
+

=  (10) 

where  
c1 –Repetition Attenuator constant 
c2 – Repetition Attenuator power 

Equation (10) allows the shaping of an attenuation curve by adjusting the parameters 
c1 and c2. One such shape is depicted in Figure 4, where c1 = 0.16 and c2 = 1.8.  

By multiplying ic by R in every interval, ic is effectively attenuated as a function of 
the repetition count r. The effect of this measure is that |I| is incremented by the full, 
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nominal value ic only immediately 
after the sign of ω changes.  If there 
is no change of sign for several in-
tervals, I becomes almost stagnant. 
As a result, continuous curving can-
not continue to affect I for more 
than a few intervals. This effect is 
illustrated in Figure 5. Here, thanks 
to the Repetition Attenuator en-
hancement, the area between the -I 
curve and the drift curve is much 
smaller than the corresponding area 
in Figure 5. The Repetition Attenu-
ator is highly effective, and c1 and c2 
should be tuned carefully. 

 
Discussion 
It is generally undesirable for closed-loop control systems to generate oscillatory con-

trol signals. However, the oscillations of -I about the actual but unknown drift are desir-
able in this application, for the following reason. I oscillates because the sign of the cor-
rected ω oscillates about zero. As long as this is the case, the algorithm can assume that 
the vehicle is driving straight. Periods of time during which -I is not oscillating are an 
indication that the vehicle is curving, as shown in Figure 3 and Figure 5. The repetition 
counter exploits this distinction by gradually reducing the increment ic in prolonged peri-
ods of non-oscillation. The result is that the HDR algorithm does (almost) nothing during 
prolonged curving, but is active during straight-line travel.  

We should also point out that the oscillations of the corrected ω are not harmful, be-
cause we are ultimately not interested in ω, but in heading, that is, the integral of ω with 
respect to time. This integral smoothes the oscillations of ω.  

4.3 The Enhanced HDR Algorithm 

The enhancements discussed in Section 4.2 can now be combined and substituted into the 
original Eqs. 4b and 5: 

ciiiii iRWSIGNII )( 11 −− −= ω  (11) 

and 
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Figure 4: Plot of the Repetition Attenuator 
function of Eq. 10 for c1 = 0.16 and c2 = 1.8. 
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Figure 5: Same plot as in Figure 3, but now ic is reduced adaptively with the 
Repetition Attenuator. The result is a much smaller error in  ω. 
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ωi = ω’i + Ii (12) 

where ω’i is the output of the low-pass filter implemented by Eq. 7. 
The HDR-corrected rate of turn, ωi, as computed by Eq. 12, still has one potential 

problem: The low-pass filter of Section 4.2.1, which was needed to smooth the noisy 
gyro signals, leaves ωi with a small lag behind the raw ω’i. If left this way, the vehicle’s 
trajectory based on ωi would be a slightly inaccurate representation of the true trajectory, 
as sharp turns become more drawn out. However, this problem can be effectively solved 
by reversing the effect of the low-pass filter. To this end, we invert Eq. 7: 

)( 1, −−+= ii
i

iid T
ωωτωω  (13) 

where 
ωd,i – The final, HDR-corrected and de-lagged rate of turn. 

We can now compute the corrected heading ψ by rewriting Eq. (3) 

ψi = ψ0+ ψi-1 + ωd,i Ti (14) 

where 
ψ0 – initial heading at the beginning of the drive 
 
A block diagram of the complete HDR system is shown in Figure 6. 

Due to space limitations, we omit here the discussion of some other enhancements, 
which provide additional, modest performance gains. 
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Figure 6: Final block diagram of the enhanced HDR system. 
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5  Experimental Results 

In order to evaluate the effectiveness of HDR for vehi-
cle tracking, we mounted a single-axis rate gyro on the 
floor of a small sports utility vehicle (SUV), a Subaru 
Forester. The gyro is the CRS03-04 made by Silicon 
Sensing [2008], shown in Figure 7. Table I lists some 
of the key specification for the CRS03-04. In all ex-
periments we sampled the gyro data at a rate of 10 Hz, 
while driving. Simultaneously we logged GPS data to 
serve as ground truth. Since the GPS data was sampled 
at 1 Hz, we down-sampled the Gyro data to 1 Hz by 
averaging every 10 samples 

∑
=

+=
10

1

10
10

1

10
1

j

Hz
ji

Hz
i ωω   for i = 1, 2 …. n (14) 

Consequently, all experimental results in this paper were obtained from computations 
performed on the basis of a sampling time of T = 1 sec.  

5.1 A Typical Drive Experiment 

The nominal route of a typical drive experiment with HDR is depicted in Figure 8. This 
drive, called the “Mixed Drive,” comprised of 8 km of rural roads (from ‘Start’ to ‘A’), 
11.5 km of highway (from ‘A’ to ‘B’), and 3.75 km 
of city streets (from ‘B’ to ‘Stop”). The route was 
purposefully designed to include stretches of high-
way that are curving, not just straight segments. 
The total route was 23.6 km long and took ~20 
minutes to drive. 

Figure 9 shows a plot of heading versus time 
for the Mixed Drive experiment. The thick blue 
curve represents ground truth heading computed 
from GPS data. Because of the variance of the GPS 
updates, heading estimation at slow speeds was 
often very noisy. Whenever that was the case, we 
smoothed the noisy GPS data manually. The dot-
ted, red curve shows heading as estimated from 
uncorrected gyro data, while the thin green curve 
shows heading estimated with HDR-corrected data. 

 
Figure 7: The Silicon Sensing 
CRS03-04 single-axis rate gyro. 

Table I: Key specifications for the 
Silicon Sensing CRS03-04. 

Size 29×29×18 mm
Bandwidth  10 Hz
Dynamic range ±200 deg/sec

Bias drift  <1.1 deg/min
(66 deg/hr)

Cost 350 USD

 
Figure 8: The nominal route for the 
‘Mixed Drive’ experiment. 
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Note how closely the HDR-corrected curve follows the ground truth data. Quantitative 
results for this drive and others are given in the following section. 

5.2 Multiple Drive Experiments 
 
It is quite easy to adjust the tunable parameters of the HDR algorithm so as to provide 
excellent performance for a single, specific drive experiment, in post-processing. In prac-
tice, however, parameters tuned for optimal performance in one experiment will almost 
certainly not produce optimal performance in another one. The only practical way for 
tuning parameters is to collect data from a large number of experiments and observe how 
a single set of parameters performs when applied to all available data sets. Parameters 
tuned this way will not provide optimal performance for any individual experimental 
drive, but they are far more likely to produce acceptable results with any future drive in a 
production vehicle tracking system, where re-tuning the parameters is out of the question. 
One condition for this to be true is that the so-called “training” data sets be based on a 
wide range of different drive conditions.   

With these considerations in mind, we performed nine different drive experiments 
under a wide range of driving conditions. Specifically, the drives included highways, 
rural roads, and city streets, and they varied between 13 and 52 minutes in duration and 
between 11 and 91 km in distance. Each experiment started by measuring the static bias 
drift, ε0, while the vehicle was standing still for about 20 seconds. In order to express the 
results of these experiments quantitatively, we use two metrics: the Average Heading 
Error, Eψ, and the Normalized Average Heading Error, NEψ, described next. 

5.2.1 The Average Heading Error (Eψ)  

This metrics is useful for judging the accuracy achieved in a single drive. In order to 
compute Eψ we first computed the momentary heading error by comparing the gyro-
derived estimated heading with the GPS-derived ground truth heading in each sampling 
interval (i.e., once every second). Then, the averaging of all momentary heading errors 
yields the Average Heading Error:  
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Figure 9: A plot of heading data from the Mixed Drive experiment of Section 5.1. The 
thick blue curve shows ground truth, derived from GPS data. The dotted red curve shows 
heading estimated from gyro data, without HDR correction. The dashed green curve 
shows heading estimated after applying the HDR algorithm. 
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E
1

,,
1 ψψ  (15) 

where 
Eψ  – Average Heading Error in degrees. 
i  – Index for the interval number within each drive.  
n  – Total number of samples in the drive (the effective sampling frequency was 1 Hz). 
ψi,Gyro  – Gyro-derived heading in interval i, in degrees. 
ψi,GPS   – GPS-derived heading in interval i, in degrees. 

5.2.2 The Normalized Average Heading Error (NEψ)  

Since heading errors due to drift can increase without bound, one can expect to see only 
small momentary heading errors shortly after starting a drive, and increasingly larger 
momentary heading errors later into the drive. Consequently, one can expect the Average 
Heading Error to be smaller for short-duration drives and larger for long-duration drives. 
In order to be able to compare the performance between short and long drives, we define 
a second metrics, the Normalized Average Heading Error per minute of travel time, NEψ, 
which is useful for comparing the accuracy achieved in multiple drives of different dura-
tions. NEψ is measured in degrees per minute.  

dT
ENE Ψ

Ψ =  (16) 

where  
Td – duration of the drive in minutes. 
Table II lists relevant details and results for all nine drives. A graphical representation of 
these results is shown in Figure 10. For each drive we specify both Eψ and NEψ.  

We should emphasize that a single set of parameters was used for all drives, and all 
results of Table II and Figure 10 were obtained with that fixed set of parameters. These 
parameters and their values are listed in Table III. 
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Figure 10: Graphical representation of the results of nine drive experiments with 
and without HDR correction.  
(a) Average Heading Errors Eψ; (b) Normalized Average Heading Errors, NEψ.  
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Discussion 
Several issues related to the cited results deserve further discussion: 
1. It is quite apparent that some of the uncorrected heading errors are substantially larger 

in some drives than in others. In particular, the Highway 1 drive has an uncorrected 
error of 184°, much more than what on might expect due to drift alone. To understand 
these large differences, one should consider the following additional error sources, 
each of which can cause errors many times larger than bias drift alone. 
a. Some of the drives were performed at near-freezing outdoor temperatures. The 

static bias drift was measured shortly after the test vehicle was driven out of a ga-
rage, where the interior temperature was on the order of 5-10°C (41-50°F). Then, 
during the drive, the 
interior temperature 
of the vehicle was in-
creased to room tem-
perature, for driver 
comfort. This large 
change in temperature 
has a profound effect 
on drift, which may 
be much larger than 
the manufacturer-

Table II: Description and results for the nine drive experiments. 
Average Heading Errors 

Experi-
ment 

Dura-
tion Distance Description Without HDR With HDR Relative 

HDR Im-
provement 

City 1  19.4 
min 

10.8 
km 

Mostly straight streets, 
few turns 

Eψ: 17° 
NEψ:   0.87°/min 

Eψ: 3.1° 
NEψ:  0.16°/min 5.4× 

Suburbs  24.3 
min 

17.0 
km 

Mostly curving streets 
in the suburbs 

Eψ:  35° 
NEψ:  1.4°/min 

Eψ:  10.4° 
NEψ:  0.43°/min 3.4× 

Mixed*  20.0 
min 

23.6 
km 

Mix of city streets, rural 
roads, and highway 

Eψ:  44° 
NEψ:  2.2°/min 

Eψ:  4.7° 
NEψ:  0.24°/min 9.4× 

Rural 1  12.9 
min 

16.1 
km 

Mostly straight streets, 
few turns 

Eψ:  42° 
NEψ:  3.3°/min 

Eψ:  5.5° 
NEψ:  0.42°/min 7.7× 

Rural 2  18.9 
min 

15.5 
km 

Mostly straight rural 
roads, some curving 
suburban streets 

Eψ:  56° 
NEψ:  3.0°/min 

Eψ:  5.5° 
NEψ:  0.29°/min 10.2× 

High-
way 1  

52.1 
min 

91.4 
km 

90% highway, mostly 
straight 

Eψ:  184° 
NEψ:  3.5°/min 

Eψ: 6.4° 
NEψ:  0.12°/min 29× 

High-
way 2  

50.4 
min 

80.6 
km 

90% highway, some 
curving 

Eψ:  63° 
NEψ:  1.3°/min 

Eψ:  9.3° 
NEψ    0.19°/min 6.8× 

High-
way 
Mix  

47.6 
min 

81.2 
km 

70% highway with some 
curving, 30% rural, 
mostly straight 

Eψ:  32° 
NEψ: 0.66°/min 

Eψ:  7.1° 
NEψ: 0.15°/min 4.4× 

City 2  21.6 
min 

11.9 
km 

100% downtown streets, 
over 40 90-degree turns 

Eψ:  74° 
NEψ:  3.4°/min 

Eψ:  11.3° 
NEψ:  0.52°/min 6.7× 

Total 
for all 
nine 

drives: 

4.45 hrs 348 km 
Average of 

all nine 
drives:

ψE : 61° 

ψEN : 2.2°/min

ψE :  7.0° 

ψEN :0.28°/min 
9.2× 

75.7=σ)  

*Note: This is the Mixed Drive experiment that was described in more detail in Section 5.1. 

Table III: A single set of parameters was used for all 
drives. 

Parameter Sym-
bol 

Value Units 

Nominal increment ic 0.0422 °/sec 
Low-pass filter time const. τ 0.75 sec 
Turn threshold Θw 0.564 °/sec 
Rep. attenuator constant c1 0.16 none 
Rep. attenuator power  c2 1.80 none 
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specified nominal bias drift rate.  
b. Even small changes in the way the static bias drift is measured before a drive can 

have profound effects on heading errors, especially on long drives. For example, in 
the Highway Mix drive, we measured a static bias drift of ε0,1 = 1.432°/sec and the 
average heading error, according to Table II, was Eψ = 32°. Had we measured a 
slightly different static bias drift, say, ε0,2  = 1.446°/sec (which differs from ε0,1 by 
just 1%), then that would have yielded Eψ = 11° in the same drive. Variations on 
the order of 1% or larger in measuring ε0 are indeed possible. For example:  
• when the static bias drift test is done for less than the recommended amount of 

time;  
• due to the gyro not being perfectly level during the static bias test (MEMS gy-

ros are sensitive to acceleration, e.g., gravitation); or  
• due to changes in temperature during the static bias test. 

2. The Highway 1 Drive has an exceptionally strong Relative HDR Improvement score 
of 29-fold. That is almost three times higher than the next-best score of 10.2-fold for 
the Rural 2 Drive. This possible exception inflates the Average Relative HDR Im-
provement to 9.1-fold (bottom right cell in Table II). If we exclude the Highway 1 
Drive from the overall average, then that revised Average Relative HDR Improve-
ment would be reduced from 9.2-fold with a standard deviation of 75.7=σ)  to 
6.6-fold with a standard deviation of 35.2=σ) . However, we do not see any compel-
ling reason for actually excluding this drive. The uncorrected heading error, while 
large, is not much greater than that of other drives when normalized (i.e., divided by 
the duration of the drive), as is apparent from Figure 10b. 

5.3 Test Set 

The tunable parameters of the HDR algorithm were painstakingly hand-tuned to mini-
mize the bottom line in Table II, and specifically the Average of all Normalized Average 
Heading Errors ( ψEN = 0.28°). This is particularly apparent in Table III, which shows 
that some of the parameters were tuned with the precision of three significant digits. This 
raises the question of how well the algorithm would perform with additional drives, for 
which the parameters were not specifically tuned.  

To answer this question, we performed another set of five drives and applied the HDR 
algorithm to those drives with the exact same parameter values as those of Table IV. The 
results are summarized in Table IV and Figure 11.  Borrowing terminology from the field 
of Neural Networks, we call the set of drives used for tuning the parameters (i.e., the nine 
drives listed in Table II) the “Training Set,” and the set of drives, to which the fixed pa-
rameters of Table III were applied (i.e., the drives listed in Table IV), the “Test Set.” In 
the Test Set drives HDR provides a 6.9-fold improvement ( 44.3=σ) ) over uncorrected 
heading estimates.  

6 Conclusions  

In this paper we proposed the HDR method for reducing errors due to gyro drift in vehi-
cle tracking applications. The basic heuristic is that much driving is done along reasona-
bly straight lines. Whenever that is the case, the closed-loop control approach in our sys-
tem leads the controller output, -I, to track the drift. Subtracting I from the gyro-measured 
rate of turn data then effectively removes the estimated drift. 
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Although in simulations HDR virtually eliminates the effects of drift (in real runs one 

cannot measure drift, thus making it impossible to prove or disprove this claim for real 
runs) some errors remain, due to two reasons:  
1. The basic HDR algorithm cannot distinguish well between drift and actual curving 

motion. To reduce this undesirable behavior, we introduced enhancements: the Low-
pass Filter, the Turn Switch, and the Repetition Attenuator. With these enhancements 
the HDR algorithm effectively suspends its operation for as long as the actual curv-
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(b) 
Figure 11: Graphical representation of the results of the five Test Set drive experiments 
with and without HDR correction. (a) Average Heading Errors Eψ; (b) Normalized 
Average Heading Errors, NEψ.  

Table IV: Description and results for the five drives of the Test Set. 
Average Heading Errors 

Experi-
ment 

Dura-
tion Distance Description 

Without HDR With HDR 
Relative 

HDR Im-
provement  

City 3  22.2 min 13.3 km Mostly straight streets, 
few turns 

Eψ: 45° 
NEψ:  2.1°/min 

Eψ:  10.6° 
NEψ 0.48°/min 4.3× 

Mixed 2 19.2 min 14.2 km Mix of city streets, rural 
roads, and highway 

Eψ:   35° 
NEψ:  1.8°/min 

Eψ:  10.5° 
NEψ:  0.55°/min 3.3× 

Rural 3 16.6 min 13.3 km Mix of city streets and 
rural roads 

Eψ:  44° 
NEψ:  2.7°/min 

Eψ: 3.8° 
NEψ:   0.23°/min 11.6× 

Highway 3 36.9 min 62.8 km Highway with many 
curving segments 

Eψ:  192° 
NEψ:  5.2°/min 

Eψ:  21.1° 
NEψ:  0.57°/min 9.1× 

Highway 4 43.2 min 78.0 km Highway with many 
curving segments 

Eψ:  142° 
NEψ:  3.3°/min 

Eψ:  22.5° 
NEψ:  0.52°/min 6.3× 

Total for all 
five Test 

Set drives: 
1.58 hrs 104 km 

Average of all 
five Test Set 

drives: 

ψE :  92° 

ψEN : 2.9°/min 

ψE :  13.7° 

ψEN : 0.46°/min 
6.9× 

( 44.3=σ) ) 
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ing motion continues. Then, when straight line motion resumes, HDR corrections re-
sume and -I resumes its tracking of drift. Heading errors due to drift while HDR was 
suspended cannot be recovered and they are the main contributor to errors in the 
HDR system. 

2. Even during straight-line motion, there is always a residual offset between -I and 
drift because drift never reaches steady state. This residual offset incurs heading er-
rors that cannot be recovered.  

Despite the errors that HDR introduces, its corrective effect outweighs its errors by a 
wide margin, as is apparent from the experimental results. For the gyro used in our vehi-
cle tracking system, HDR reduced heading errors by a factor of 9.2 for the Training Set 
and a factor of 6.9 in the Test Set.  

Other advantages of the HDR method are: 
• The HDR method can be implemented in software only, in as little as 20 or so 

lines of code, and, besides the gyro, no additional sensors or data are needed. 
• Another, potentially major advantage that we did not address in this paper is the 

fact that HDR can eliminate the need for measuring static bias drift for 20 seconds 
before each drive. In informal testing we found that just one second of measured 
static bias drift, e.g., the time between turning the ignition key and starting to 
drive, is sufficient for an HDR system to produce very usable results with errors 
just slightly larger than those reported in this paper.  
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