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ABSTRACT 

This paper introduces a new Automated Guided Vehicle (AGV) 
for guidewire- and beacon-free industrial applications. The AGV, 
called OmniMate, has full omnidirectional motion capabilities, can 
correct odometry errors without external references, and offers a large 
183×91 cm (72×36”) loading deck. A patented, so-called compliant 
linkage avoids the excessive wheel slippage often found in other om-
nidirectional platforms. 

The OmniMate has a unique, patented odometry error correction 
system that makes the platform almost completely insensitive to even 
severe irregularities of the floor, such as bumps or cracks Dead-
reckoning is further enhanced by a fiber-optics gyroscope.  

Because of its unique dead-reckoning accuracy the OmniMate can 
travel over extended distances while following a pre-programmed 
path fully automatically. The paper describes an implemented “lead-
through” teaching system, in which an operator guides the OmniMate 
along a desired path, while the OmniMate records the path to mem-
ory. Later, in path execution mode, the OmniMate reproduces the 
path accurately. With this system it is possible and feasible to pro-
gram or modify a complete path within minutes. 

1 INTRODUCTION 
Most Automated Guided Vehicles (AGV) use inductive 

guidewires embedded in the floor or guidepaths painted onto the floor 
for navigation. Installation of new AGV systems or changing the 
pathways for existing systems is time consuming and expensive. 
Some more recent designs don’t rely on guidepaths but rather use a 
variety of beacon- or marker arrangements installed in the environ-
ment. These systems are more flexible but they are still costly to in-
stall. This is especially true for beacon-based systems in large instal-
lations because the sensors of the AGV have to “see” at least two or 
three beacons at any time. Also, the cost of installing beacons is quite 
high because the beacons’ location must be carefully surveyed for 
accurate navigation.  

Almost all AGVs use odometry, i.e., the counting of wheel revo-
lutions to derive position information. Conventionally, odometry is 
only being used as a secondary navigation aid. It is considered unsuit-
able as a primary navigation means because it accumulates errors 
without bound. That is, odometry errors tend to grow over distance 
traveled.  

The OmniMate platform, described in this paper, overthrows the 
conventional notion that odometry cannot be used as the primary 
navigation means. Before this can be explained, however, some prop-
erties of odometry and its associated errors need to be examined.  

Odometry is based on the assumption that wheel revolutions can 
be translated into linear displacement relative to the floor. This as-
sumption is only of limited validity. One extreme example is wheel 
slippage: If one wheel was to slip on, say, an oil spill, then the asso-
ciated encoder would register wheel revolutions even though these 
revolutions would not correspond to a linear displacement of the 
wheel.  

Besides this extreme case of total slippage, there are several 
other, more subtle reasons for inaccuracies in the translation of wheel 
encoder readings into linear motion. All of these error sources fit into 
one of two categories: (1) systematic and (2) non-systematic errors. 

Systematic errors are mostly related to kinematic properties or 
imperfections of the platform, but not to interaction with the floor. 
For this reason systematic errors can be reduced by careful calibration 
of the drive parameters. In contrast, non-systematic errors are mostly 
caused by the (unpredictable) interaction with the floor. Non-
systematic errors need to be of primary concern because a single inci-
dent with a large bump, crack, or other major irregularity on the floor 
can cause a very large odometry error. Finally, we note that in order 
to reduce overall odometry errors, orientation errors are the main 
source of concern because once they are incurred they grow into lat-
eral position errors without bound [Feng et al., 1993]. 

2 THE OMNIMATE 
Omnidirectional vehicles, also called Multi-Degree-of-Freedom 

(MDOF) vehicles, have great advantages for moving in tight areas; 
they can crab sideways, turn on the spot, and follow complex trajecto-
ries. For strictly manual 
control or when following a 
guide path embedded in the 
floor, many of these de-
signs work adequately. 
However, under computer 
control, dynamic errors in 
wheel orientation and ve-
locity can result in insta-
bilities, excessive wheel 
slippage, and consequently 
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Figure 1: The LabMate is a simple dif-

ferential-drive mobile platform. 
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large position errors in odometry computations.  
To overcome these problems we designed the OmniMate, an 

MDOF mobile platform with full omnidirectional motion capabilities. 
The vehicle is made from two differential-drive LabMate platforms 
(here called “trucks” – see Figure 1). The OmniMate is shown in 
Figure 2 and Figure 3. The front truck can rotate around rotational joint 
A, which is attached to the bottom of a rigid loading deck. The rear 
truck can rotate around rotational joint B, which is connected to a 
slider assembly. The slider assembly can linearly move along slider 
bars that are attached at their ends to the bottom of the loading deck. 
Rotary encoders mounted on joints A and B measure the relative 
rotation between each truck and the loading deck, while a linear en-
coder measures the position of the linear slider assembly, from which 
the distance between the center points of the two trucks can be com-
puted. Additional joints not shown in Figure 3 allow for limited pitch, 
roll, and yaw motion of the trucks relative to each other, to accommo-
date uneven ground. 

Because of the linear slider the two trucks can freely move rela-
tive to each other. This patented UM design is called “compliant 
linkage.” The purpose of the compliant linkage is to absorb the inevi-
table momentary controller errors that can cause wheel slippage in 
conventional, rigidly-built MDOF mobile robots, as reported by Hi-
rose and Amano [1993] and others.  

Figure 2 shows that the OmniMate design 
provides a completely flat, 180×90 cm (72×36 
inch) loading deck that is available exclusively 
for the end-user’s payload. A 24-Volt auxiliary 
battery pack, designed to power user-installed 
equipment and the onboard control computer, 
is installed underneath the loading-deck. This 
battery pack can provide 300 Watts for 6 
hours. In addition, each of the trucks is indi-
vidually powered by its own 24-Volt battery 
pack installed inside of each truck. Control 
and feedback signals to and from the trucks are 
passed through slip-ring assemblies. The on-
board motion control system runs on a 486/100 
MHz PC-compatible single board computer. 

The two modified LabMate trucks used in 
the OmniMate are individually rated at a load 
capacity of at least 200 kg (440 lbs). With two 
trucks supporting the payload, the total load 

capacity is 400 kg (880 lbs). After adding the OmniMate vehicle 
frame and auxiliary battery pack, there remains a user payload of 
about 114 kg (250 lbs).  

The onboard computer controls and coordinates the motion of the 
two trucks in a user-transparent manner. This means that the user (or 
a user-generated high-level control program, such as the path execu-
tion program described in Section 4) must prescribe the desired trans-
lation and rotation of the vehicle only with respect to the loading-
deck. The user or the higher-level control program does not need to 
consider the motion of the two trucks individually, which would re-
sult in the desired motion of the loading-deck. A detailed description 
of the control system is given in [Borenstein 1995] and is omitted 
here.  

To date three commercial-grade prototypes of the OmniMate have 
been built in a collaborative effort between HelpMate Robotics Inc. 
[HRI] and the University of Michigan’s Mobile Robotics Lab.  

3. ODOMETRY ERROR CORRECTION  
The OmniMate employs two methods for correcting both system-

atic and non-systematic odometry errors.  

1. Internal Position Error Correction (IPEC) 
One unique and seemingly impossible feature of the OmniMate is its 

ability to measure and correct systematic and 
non-systematic odometry errors that occur in 
one truck by using the other truck as a point of 
reference. Yet, this patented error correction 
method works even while both trucks are in 
continuous, fast motion. A detailed explanation 
of this method is given in [Borenstein 1998]. 

2. Gyro-enhanced IPEC 
A second tool that provides a substantial re-
duction in odometry errors is a high-precision 
fiber-optics gyroscope (“gyro”) with the Om-
niMate’s IPEC control system. The gyro is the 
KVH E-core RD2100. Specifications for this 
gyro are shown in Table I and a detailed ex-
planation of its implementation is given in 
[Borenstein 1999]. 

We tested the OmniMate’s odometry error 
correction system extensively at our lab. In 
these tests the platform was programmed to 

 
Figure 2: The OmniMate is based on two LabMate “trucks” con-
nected by a compliant linkage. This design provides an uncluttered 
180××90 cm loading deck for up to 114 Kg of payload.  
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Figure 3: Schematic diagram of the OmniMate platform. 

Table I: Technical specifications for the E-
Core RD2100 fiber-optics gyroscope [KVH].   
Max Input Rate ± °/sec 100 

Resolution °/sec 0.004 

Scale factor - °/bit 0.000305 

Nonlinearity %, rms 0.5 

Bias Stability 

Constant Temp °/sec, 1 0.002 

Full Temp °/sec, p-p 0.2 

Repeatability °/sec, p-p 0.002 

Angle Rand. Walk (°/hr)/ Hz 5 

Power Requirements 

+9 to +18, or 
+18 to +36 VDC 

watts 3 

Physical 

Dimensions cm L×W×H 11.2×10.8× 4.3 

Weight kg .34 
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follow the path shown in Figure 4. At the beginning and end of each 
run an onboard “sonar calibrator” (a device that uses three ultrasonic 
sensors to measure the distance between three points on the platform 
to nearby walls) was used to measure the absolute position and orien-
tation of the vehicle. Comparing this absolute (or “true”) measure-
ment to the position and orientation determined from odometry at the 
end of each lap allows computation of what we call the Return Posi-
tion Errors defined as 

εx = xabs - xcalc  
 ( 1a ) 
εy = yabs - ycalc  

and the Return Orientation Error, defined as  

εθ = 2abs - 2calc  (1b ) 

where 

 εx, εy,  εθ - Return Position/Orientation Errors 
xabs, yabs, 2abs  - Absolute position and orientation of the platform 

as measured by the sonar calibrator 
xcalc, ycalc, 2calc - Position and orientation of the robot computed 

from odometry. 

During each run we introduced non-systematic errors by repeat-
edly placing a 9-mm diameter cable under the wheels of the platform. 
In the experiments described here exactly 20 bumps were introduced 
along the corridor section of the path. In addition, we arbitrarily 
kicked the leading truck, resulting in clearly noticeable wheel slip-
page. After each run we measured the return position and orientation 
errors with the sonar calibrator. The resulting errors εx and εy are 
plotted in Figure 5, which also shows the return orientation errors. 

As is evident from these results, the OmniMate is capable of ex-
tended travel with only small odometry errors. With this capability in 
mind, we developed the new path-teaching and -execution feature 
believed to be unique to the OmniMate, discussed in the next section. 

4. EMPLOYING THE OMNIMATE  
Almost all of the functions of the OmniMate can be invoked un-

der (a) autonomous computer control, or (b) under computer-assisted 
joystick control. This dual functionality is important because new 
paths are most conveniently taught by lead-through teaching with the 
joystick (see Sec. 4.2 and Figure 6). Functions assigned to the left-
hand and right-hand joysticks during manual control differ for each 
motion mode, as explained next.  

4.1 Motion modes 
Because of its unique kinematic design the OmniMate can per-

form many operations in several different motion modes. The two 
most important motion modes are “Crab” and  “Follow-the-Leader” 
(FTL).  Each of these modes has advantages and disadvantages under 
certain operating conditions. Together, the availability of these modes 
enhances the usability of the OmniMate in real-life environments. 
The OmniMate’s control system implements these modes and pro-
vides smooth, fluent motion at speeds of up to 0.5 m/s. The Omni-
Mate is physically capable of a maximum speed of 1 m/s, but the 
experiments reported in this paper were conducted at a maximum 
speed of 0.5 m/s.  

Crab mode -- In this motion mode the onboard computer controls 
and coordinates the motion of the two trucks. This is the most versa-
tile control mode as it affords the greatest maneuverability. However, 
the maximum speed under Crab mode is limited to 0.5 m/s. Under 
autonomous computer control, a higher-level program can call Crab 
mode and specify a desired translational velocity vector, as well as a 
desired absolute orientation of the loading deck. If the current orien-
tation differs from the desired one, the onboard controller rotates the 
vehicle during motion until the desired orientation is reached.  

Under joystick control the right-hand joystick is used to control 
the translational forward/backward (Y1) and the sideways (X1) mo-
tion of the OmniMate. The left-hand joystick (X2) is used to change 
the orientation of the loading deck.  

Follow-the-Leader (FTL) mode – In this motion mode the rear 
truck follows exactly the trajectory of the front truck. This minimizes 
the space requirements for the OmniMate when traveling through 
confined space. From a control point of view, this mode is more sta-
ble and speeds of up to 1 m/s are permissible. Sideways or diagonal 
crabbing is not possible under this mode (by definition).  

4.2 Lead-through teaching 
In lead-through teaching mode a human operator defines a desired 

trajectory by leading the OmniMate manually (with the RF joystick) 
along a path. The OmniMate automatically records way-points at 
distance intervals of 100 mm. After completion of a lead-through 
teaching session the way-points are saved as a named pathfile for 
later execution. The automatic execution of a previously taught (or 
otherwise generated pathfile) is called “pathfile execution.”  
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Figure 4: 40-meter path for testing the odometry error correction 
system. Resulting returnposition/orientation errors are shown in 
Figure 5.  -10
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Figure 5: Plot of OmniMate return position errors for five runs 
along the path of Figure 4. Corresponding return orientation errors 
εεθθ are shown next to each data point. 
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During lead-through teaching 
the operator has control options 
that go beyond controlling the three 
basic Degrees-of-Freedom with the 
RF joystick. Most notably there are 
three distinct operating modes that 
can be changed at any given time 
and while the platform in motion. 
We will call these three modes 
“path modes” to distinguish them 
from the motion modes (Crab and 
FTL, as discussed above) and be-
cause they are only available dur-
ing lead-through teaching and sub-
sequent path execution.  

The left-hand forward/back-ward joystick (labeled “Y2” in Figure 
6), which is not used in conventional crab control, is used to select 
either one of these three path modes. When Y2 is fully pulled toward 
the operator, then Mode 1 is selected. When Y2 is in its centered 
(neutral) position, Mode 2 is selected. When Y2 is pushed fully away 
from the operator, then Mode 3 is selected.  
Mode 1: In this path mode the OmniMate uses the “Crab” mode of 
motion at a preset, very low maximum speed (Vmax = 240 mm/s). 
This means that although the operator controls the actual speed with 
the right-hand joystick as during conventional crabbing, the maxi-
mum speed is limited to V � Vmax.  
Mode 2: In this path mode the OmniMate also uses the “Crab” mode 
of motion but at a higher maximum speed of Vmax = 360 mm/s.  
Mode 3: In this mode the OmniMate uses the FTL-mode of motion 
while its speed is limited to Vmax = 500 mm/s. Recall that in FTL-
mode the rear truck always follows the trajectory of the front truck, 
and that the operator basically controls only the front truck. 

The purpose of the three modes is not so much to control the be-
havior of the platform during lead-through teaching, but rather to 
specify the behavior of the platform during subsequent automatic path 
execution. For this reason the currently selected mode is always re-
corded into the pathfile along with each via-point. How these three 
modes are taken into account and why they are defined the way they 
are will be explained in Section 4.3 below. 

After completing a lead-through teaching session the recorded 
way-points, operating modes, truck alignment commands, and other 
special commands are stored in a so-called “pathfile.” A pathfile is a 
plain ASCII text file and it can be edited manually after it has been 
recorded by lead-through teaching. Editing may be desirable in order 
to smooth out some segments in which the operator controlled the 
platform poorly during lead-through teaching.  

4.3 Automatic path execution 

Automatic path execution is the complement to lead-through teaching 
– it executes a path that was previously stored in a pathfile during 
lead-through teaching. The onboard computer executes the pathfile by 
reading one line at-a-time from the pathfile and issuing an appropri-
ate motion command to the lower-level controller. Only two motion 
commands are needed for pathfile execution. These commands are 
called Crab_pass_abs() and FTL_pass_abs(). Under either motion 
command the front truck always aims at reaching the next via-point. 
For Crab_pass_abs() the OmniMate will also try to align itself with 
the recorded orientation. For FTL_pass_abs() the rear truck will aim 
at following the trajectory of the front truck. Which motion command 
is selected for each pathfile line depends on the path mode that was 
in effect when the pathfile was recorded.  

For neither path mode the front truck passes through the specified 
coordinates with absolute accuracy. Instead there is a tolerance dis-
tance specific to each path mode. The reason for these varying toler-
ances and speeds is that at higher speeds it becomes difficult for the 
controller to reach each via point accurately. The result would be very 
choppy motion. By selecting tolerances suitable to the intended 
maximum speed smooth motion is obtained under all path modes. 
Decisions on what path mode is most appropriate for the local envi-
ronment are best made during lead-through teaching. That is why the 
path mode is selected by the operator at that time. It should also be 
noted that during pathfile execution the maximum speed is always 
determined by the relationships defined in Table II. The benefit is 
that intermitted stopping, operator hesitation, or other causes for in-
consistency in speed are not repeated during pathfile execution.  

5 CONCLUSIONS AND FUTURE WORK 
This paper presents an overview over the new, commercially 

available mobile platform called OmniMate. The OmniMate provides 
true omnidirectional motion and its kinematic design eliminates 
excessive wheel-slippage. One of the OmniMate’s most unique 
features is its gyro-enhanced Internal Position Error Correction 
(IPEC) that provides hitherto unachieved dead-reckoning accuracy 
making it almost completely insensitive to wheel slippage or even 
severe irregularities of the floor. Because of its unique dead-
reckoning accuracy the OmniMate lends itself to guidewire- and 
beacon-free AGV applications. A novel lead-through teaching and 
path execution feature allows new paths of 100 m length or more to 
be programmed within minutes and with no installation cost. For 
longer paths we envisage a sonar-based correction system that would 

Figure 6: Naming convention for 
the 4-channel RF joystick. 

Table II: Relationship between path modes, motion 
modes, maximum speed, and pass_abs tolerances. 

Path 
mode 

Motion  
mode 

Max. speed  
[mm/s] 

Tolerance  
[mm] 

1 Crab 240 30 
2 Crab 360 80 
3 FTL 480 120 
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sonar-based correction system that would use permanent, stationary, 
“natural” landmarks, such as building support columns or doorways, 
to correct position information on-the-fly, as follows.  
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