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OBJECT TRACKING AND MANAGEMENT SYSTEM AND
METHOD USING RADIO-FREQUENCY IDENTIFICATION TAGS

Technical Field

The present invention relates generally to object tracking and management
systems and methods, and more specifically to such systems and methods that use a
combination of mobile and/or stationary radio-frequency identification tags to identify,
monitor the locations of, and direct movements of objects.

Background of the Invention

To achieve highly efficient warehouse operations, it is desirable to accurately
track the movements of pallet loads and other objects to be located and/or transferred
within the warehouse as they are .transported to and from various locations, such as
storageAloca‘t'ions, stocking locations, staging areas and loading docks. In typical |
conventional warehouse management operations, the operator of a transport vehicle,
such as a fork truck, reach truck, lift truck or pallet truck, receives a set of printed
stocking or picking orders, typically generated by a computer, and executes the orders
by visually identifying the loads and locations and transporting the loads to and from the
locations specified on the orders. Insucha syétem, especially in large-scale warehouses
with a large number of locations and loads to handle, there are numerous opportunities
for errors. - '

Some warehouse management operations use bar codes which are affixed to the
loads or which mark specific locations. In a typical example of such a system, the
operator uses a hand-held bar code scanner to read the bar code on the loads and, in
some cases, on the stock locations. Although such a system is an improvement over
purely visual processes, it can be difficult to comi)letely implement, due partly to the
need for direct line of sight, close proximity, and proper alignrhent between the scanner
and barcodes. It also requires the operator to participate in the load-identification
process. In some case, the operator may need to exit the transport vehicle to scan the
barcodes manually, slowing down warehouse operations. Certain locations, for example
high storage shelves and loading docks, often are particularly difficult places for using
bar codes because of the need for close proximity between the codes and the reader. As

a result, loads in those areas are often visually identified instead.
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Radio-frequency identification (“RFID”) tag systems have been proposed for use
in inventory tracking. In such a system, an RFID tag is attached to an object or
location, and contains a non-volatile memory for storing information identifying the
object or location and electronic circuitry for interacting with an interrogator. RFID
tags may be passive or active. In the case of a passive RFID tag, the tag includes
circuitry for converting at least a portion of the received RF signals into electrical power
needed by the tag for signal processing and transmission. In a typical conventional
system, RFID tags containing information associated with the identities of inventory
items to be tracked are attached to the inventory items. An RFID interrogator is used to
detect the presence of an RFID tag and read the identification information from the tag.
A typical RFID interrogator includes an RF transceiver for transmitting interrogation
signals to and receiving response signals from RFID tags, one or more antennae
connected to the transceiver, and associated decoders and encoders for reading and
writing the encoded information in the received and transmitted RF signals, respegtively.
The interrogétor may be a portable device, which can be brought near the tags to be
read, or it may be a stationary device, which reads the tags as they are brought to the
interrogator, as in the case of tagged library books being returned to a return station that
is fitted with an interrogator. RFID tags may also be affixed near a location as a
location marker. After detecting both a tag attached to an inventory item and a location
marking fag, a processing unit associated with the interrogator may determine that the
inventory item is positioned near the tagged location. While these conventional object
tracking systems are capabie of keeping a record of the inventory items and sometimes
their locations, they are not effective for tracking and/or managing the movement of the
inventory items.

There also exist warehouse inventdry tracking systems that include fixed RFID.
interrogators at various locations to detect RFID-tagged items when they are positioned |
near the interrogator-equipped locations. For example, there are warehouses with RFID
interrogators positioned at or near the loading dock gates. Such systems are capable of
tracking the arrival of tagged items at the various locations, but are not capable of
detecting errors remote to these locations. For example, if a fork truck picked up a
wrong load because the truck was driven to a wrong pick-up location, the error would

not be detected until the load had reached the gate. This delayed error detection



WO 02/48955 PCT/US01/12949
-3-
negatively impacts the overall efficiency of warehouse operations. Additionally,
outfitting each of the numerous loading dock gates with an interrogator is not cost
effective.

It is desirable to provide a system that provides full automation to the process of
object identification, movement and tracking throughout a warehouse or other similar
environment. There is a need for such a system that is adaptable for use with all of the
wide variety of locations that are involved in warehouse operations, such as stocking
locations, storage racks, floor lanes, and shipping dbcks. There is a need for such a
system that operates in conjunction with a central data repository to direct and track all
object movement throughout the entire warehouse.

The present invention is directed to alleviating one or more of the

aforementioned problems, and meeting one or more of the above-identified needs.

Summary of the Invention
The invention provides for an automated object and location identification

system, preferably for use in warehouse management operations, without the need to
outfit numerous locations with fixed RFID interrogators. In one embodiment of the
invention, a transpbrt vehicle, such as a fork truck or reach truck, has mounted thereon
an RFID interrogator. RFID tags are attached to objects (such as pallets and loads) and
to locations (such as a storage location, pass-through location, or loading dock). In the
case of a pallet, the information transmitted from the tag may include the identity of the
pallet, the weight of the pallet, and an identification of the items on the pallet. In the
case of a location, the information is indicative of the location, such as a location code
or coordinates. The RF]D interrogator transmits interrogation signals to the RFID tags.
Each of the RFID tags transmits a signal encoded with the information particular to the
tag in response to the interrogation signals when the vehicle is sufficiently close to the
tag, though not necessarily within a direct line of sight. '

A pfocessor is operatively linked to the RFID interrogator for processing the
signal received from the tags by the interrogator and determining the identity of the load
and position of the detected location RFID tag. The processor may be located on board

the vehicle, at a remote site, or at a combination of both.
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RFID tags are- preferably used on both the objects and the locations.
Alternatively, an identification marker such as a barcode tag may be attached to the
objects, while RFID tags are used at one or more locations. In this case, the
intefrogator on the transport vehicle also includes a barcode scanner for reading
information stored in the barcode tags. Similarly, RFID tags may be used on the
objects, while barcode tags are used at locations, such as alongside a loading dock door.

Preferably, the processor provides the operator with feedback information
through a user interface on the identity of the object, the location where the object is
positioned and the location to which the object is to be moved. For example, the
processor may transmit an audible signal (such as a beep) or a visual signal (such as red
or green lights or graphical display on a monitor) to the operator to inform the operator
whether the correct object has been picked up or whether the object has been positioned
at the correct location. The processor may further be configured to send instructions to
the operator on the tasks to be performed.

| The interrogator may also be instructed by the processor to send information,
such as the movement history of an object, to the RFID tag on the object. The RFID
tag stores the information, which may be subsequently read, for example, by an RFID
interrogator at another site. Similarly, the interrogator may be instructed by the -
processor to send information to the RFID tag at a location, which is then stored by the
location tag. '

In another embodiment of the invention, the interrogator is capable of
identifying, and thus reéding information only from, the tag that is the closest in distance
to the interrogator. This is accomplished by dynamically reducing the power in the
interrogation signal until only the RFID tag closest to the interrogator responds. The
probability of incorrectly identifying a location or object is thereby reduced.

’ In this embodiment of the invention, the processor may generate a signal,
perceptible by the operator, which is indicative of the minimum interrogation signal
strength required to detect the RFID tag being sought by the interrogator ‘(the target
RFID tag). The minimum interrogator signal strength may be represented as a
confidence level (the lower the minimum signal strength, the higher the confidence level)
or as an approximate distance between the tag and the interrogator (the lower the

minimum signal strength, the shorter the distance.)
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In another embodiment of the invention, a pass-through location, such a loading
dock gate or a truck docked at the loading dock gate, is marked by an RFID assembly
having two RFID tags spaced in close proximity to each other. An RF shield, such as a
metal plate or metal screen, is positioned between the two tags. When the interrogator
is on one side of the shield, only the tag that is on thg same side of the shield as the
interrogator responds to the interrogation signals. This arrangement thus enables the
system to determine the direction of movement of an object relative to the pass-through
location. For example, the system is able to determine whether the vehicle carrying the
object has moved through the gate from inside the warehouse to the loading dock or
from the loading dock into the warehouse.

In another embo&iment of the invention, the transport vehicle is equipped with
an RFID interrogator for object identification and optionally for location identification.
Objects, and possibly locations, are marked with RFID tags. In addition, the warehouse
floor is equipped with magnetic tape segments that provide magnetic signals indicative
of the locations of the segments. The vehicle is additionally equipped with a magnetic
signal reader for detecting the magnetic signals from the tape. The processbr onbdard
the vehicle is operatively connected to both the RFID interrogator and the magnetic
signal reader for determining the identities of the objects and optionally locations from
the signals received from the interrogator and locations from the signals from the tape
reader. _ |
‘ In another embodiment of the invention, the transport vehicle is of a “reach
truck” type, equipped with a lift mechanism capable of positioning an object at a
plurality of heights. The vehicle is further equipped with a height sensor linked to the
lift mechanism for generating a signal indicative of the height that the object is
positioned by the lift. The signal indicative of the height could be électrical, visual,
audible, magnetic, electromagnetic or another type of signal. This embodiment of the
invention is particularly useful when loading or unloading objects‘ from a vertical column
of warehouse slots. In this embodiment, it is necessary to associate only a single
location tag with the column, and the system can identify the correct slot within the
column using the height sensor.

Thus, in one aspect of the invention, a system for tracking an object positionable

at a plurality of locations includes: (a) a transport vehicle to move the object to and from
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any one of the plurality of locations; (b) an object marker associated with the object
which stores information indicative of the identity of the object; (c) a plurality of
location markers, each of which is positioned at one of the plurality of locations and
stores information indicative of the location of the marker; (d) an interrogator, including
a radio frequency transmitter and receiver, mounted on the transporf vehicle to receive
from the object marker the information indicative of the identity of the object and from
the location markers the information indicative of the location of the markers; and () a
processor, operatively connected to the interrogator. i‘he processer determines the
identity of the object from the information indicative of the identity of the object, the
location of at least one of the location markers from the information indicative of the
location of the marker and the spatial relationship between the object and the location.
For example, the simplest form of such determination of spatial relationship is to
determine that the object is located near or at a tagged location when the RFID tags of
the object and the location are detected at substantially the same time.

The processor is also preferably capable of providing instructions to the operator
through a user interface regarding movement of the objects. These instructions may
include (a) feedback as to whether a desired object has been identified; (b) directions to
a desired location; and (c) feedback as to whether the object has been brought to a
desired location. \

In the system above, the transmitter of the interrogator preferably is capable of
tranémitting a signal encoded with information, such as the movement history of the
object or the storage history of the location, and the object or location marker stores the
encoded information.

~ The system also preferably includes a signal generator operatively connected to
the processor to provide to the operator of the vehicle a signal through a user interface,
such as an audible beep or visual display of lights or computer monitor display,
indicative of the location of one of the plurality of location markers when the
interrogator receives from the location marker the information indicative of the location
of the marker.

In another aspect of the invention, the RFID interrogator is configured and
arranged to read information only from the RFID tag closest to the interrogator. This is

preferably accomplished by dynamically reducing the output power of the interrogation
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signals until only the RFID tag the closest to the interrogator responds to the
interrogation signals. A target confidence indicator is preferably included to provide
visual feedback of the tracking process. '

In another aspect of the invention, at least one of the location markers defines a
plane, and the marker transmits a first signal indicating that the interrogator is located on
one side of the plane and transmits a second signal, different from the- first signal,
indicating that the interrogator is located on the other side of the plane. The location .
marker may include two RFID tags separated by a shield, such as a metal plate or screen
positioned generally in the plane, wheréin only the RFID tag positioned on the same side
of the plane as the interrogator responds to the interrogation signals from the
ihterrogator. ’

Another aspect of the invention is a system for tracking an object positionable at
a plurality of locations on a traffic-bearing surface. The system includes a transport -
vehicle to move the object between locations, an object marker associated with the
object which stores information indicative of the identity of the object, and an
interrogator mounted on the vehicle to receive from the object marker the information
indicative of the identity of the object. The system further includes a strip of magnetic
tape adhered to the traffic-bearing surface. The magnetic tape includes a plurality of
segments. Each of the segments is encoded with information indicative of the location
of the segments, and produces a magnetic signal encoded with the information indicative
of the location of the segment. A magnetic signal reader is mounted on the vehicle for
sensing the signals generated by the magnetic tape. A processor operatively connected
to the interrogator and the magnetic signal reader determines the identity of the object
from the information indicative of the identity of the object, the location of at least one
éf the segments of the magnetic tape and the spatial relationship between the object and
the location.

Another aspect of the invention is a transport vehicle for moving an object
having a radio-frequency identification tag attached thereon to or from locations at a
particular height. The vehicle includes: (a) a radio-frequency identification interrogator
to receive a signal from the tag; (b) a lift capable of positioning the object at a plurality
of heights; (c) a height sensor to generate a signal indicative of the height at which the

object is positioned; (d) means for generating a signal indicative of the horizontal
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location of the vehicle; and (€) a processor operatively connected to the interrogator,
height sensor and signal generating means. The processor determines the identity of the
object from the signal received from the tag, determines the height of the object from the
signal received from the height sensor, and determines the horizontal location of the
vehicle from the signal generating means.

Another aspect of the invention is a method of managing an object to be moved
between locations in an environment. A first RFID tag is affixed to the object and has
stored therein and capable of transmitting signals encoded with information indicative of
the identity of the object. A second RFID tag is affixed at a location and has stored
therein and capable of transmitting signals encoded with information indicative of the
location of the second tag. A transport is equipped with an RFID interrogator, capable
of receiving the signals from the tags and determining the information stored in a tag.
The methbd includes the steps of: (a) using the interrogator to receive the information
indicative of the identity of the object; (b) determining a proposed location to which the
object is to be moved; (c) using the vehicle to move the object to a location; (d) using
the interrogator to receive the iriformation indicative of the location; and (e) depositing
the object at the location when the location indicated by the information received in step
(d) matches the proposed location. - A

Another aspect of the present invention is a method of using an RFID
interrogator with an adjustable power output level to find a target RFID tag among a -
plurality of radio-frequency identification tags. Each of tags is configured and arranged
to transmit an identification signal in response to an interrogation signal from the
interrogator. The method includes the sequential steps of: (a) transmitting interrogation
signals at a power oufput level; (b) determining whether the target tag has been detected
by the interrogator; (c) reducing the power output level if the target tag is detected; (d)
repeating steps (a)-(c), each time using the power output level reached at step (c) of the
previous repetition as the power output level in step (a) until the target tag is.no longer
detected; and (e) transmitting an interrogation signal at the power output level reached

at the end of repetition immediately previous to the last repetition in (d).
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Brief Description of the Drawings

Other objects and advantages of the invention Will become apparent upon
reading the following detailed description of specific embodiments and upon reference to
the drawings in which:

Figure 1 illustrates an embodiment of the invention, wherein RFID tags are
affixed to both the objects and locations;

Figures 2(a), 2(b) and 2(c) illustrate a monitor display of an on-board
interrogator at various stages of completing a load-relocation task;

Figure 3 illustrates another embodiment of the invention, wherein bar code labels
are affixed to the objects, and RFID tags are deployéd at the locations;

Figure 4 illustrates one principle of determining relative posiﬁon and movement
using RFID tags;

Figure 5 illustrates an embodiment of the invention, wherein two RFID tags are
positioned in close proximity to each other for detecting relative position of the
transport vehicle; .

Figure 6 illustrates an embodiment of the present invention that is similar in
principle to the embodiment illustrated in Fig. 5, but instead has a stationary interrbgator
and moving RFID tags for determining relative position of the object to which the RFID
tags are attached; |

Figure 7 illustrates an embodiment of the invehtion, wherein the RFID
interrogator is configured and arranged to detect only the RFID tag that is the closest to
the interrogator; |

Figure 8 illustrates a process of identifying an RFID tag the closest to the
interrogator in accordance with an aspect of the invention; and |

Figure 9 illustrates a visual display of the confidence level in RFID tag
identification provided by the embodiment shown in Fig. 7;

Figure 10 illustrates an embodiment of the invention where RFID tags are used
to identify objects, and magnetic tape is used to identify a location.

Figure 11 illustrates an embodiment of the invention wherein a height sensor is

used to identify particular slots within a storage rack marked by RFID tags.
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Detailed Description of the Invention

Referring to Fig. 1, the object tracking and warehouse management system 100
for tracking an object 132 such as a load or pallet, includes a transport vehicle 110 such
as a pallet truck, fork truck or reach truck. Onboard the vehicle 110 is mounted a
interrogator 120 such as an RFID interrogator linked to a processor, Whibh may be in
the form of a computer that includes a central processing unit (CPU) 160, a display 170
and an input device 180, such as a keyboard, pointing device, and/or touch-panel
display. The system further includes several markers, such as RFID tags 130, 140 and
150. An object marker such as an RFID tag 130 is attached to the object 132; the other
markers, such as RFID tags 140, 150 serve as locatic_)n markers and are positioned at
various locations such as a stocking location (warehouse slot) 142 and loading dock
152. The processor onboard the vehicle may also be linked to a remote host computer
190 by RF link or other suitable communications system that proﬁdes a continuous link
between the vehicle processor and the host computer. Host computer 190 may also be
linked to the RF]D interrogators and processors on other transport vehicles. The host
computer 190 and the processors may also be part of a larger network of computers.

The RFID tags 130, 140 and 150, are capable of receiving, storing and
transmitting information and may be of any type suitable for this purpose. The tags may

- include an antenna, circuitry for processing RF signals, a mlcroprocessor and d1g1ta1
memory. They may be passive devices, which only transmit 51gnals upon receiving an
interrogation signal and which rely on power contained in the incoming RF waves. They
‘may also be active devices, which continuously or periodically transmit signals and.
include their own power supplies. Examples of commercially available RFID tags
include Intellitag® RFID tags currently available from Intermec Technologies
Corporation, Everett, WA.

The tags can store a wide variety of information about the object or location.
For example, tag 130 may store a code, sqcli as the load number or pallet number,
indicative of the identity of the object. It may also store information about the
movement history of the object, or about the weight of the object. Tags 140 and 150
may store information indicative of the locations, such as a loading dock number,
warehouse slot number and trailer identiﬁcation number. Location tags may also store

other information about the location, such as the history of objects stored at the
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location, information about the types of objects stored at the location, or restrictions or
warnings about the location.

The RFID interrogator 120 may be of any type suitable for receiving the signals.
It may be an RF receiver; it may also include a transmitter for providing interrogation
signals to passive RFID tags. The interrogator 120 may further be capable of
transmitting information to be stored in an RFID tag. Thus, the interrogator may
provide updated information about the movement history of the object or the storage
history of a warehouse location. As another example, the vehicle may be equipped with
a weight sensor that determines the weight of the object, in which case this information
can be stored on the tag and/or compared with information already stored on the tag.

The processor may include any suitable processor, including general- or special-
purpose computers. The processor preferably has a rugged design suitable for use on a
moving vehicle. The display 170 may include a monitor, lights and/or a speaker or
beeper. The processor may be programmed to interact with the operator through a
graphical user interface. An input device 180 may include a keyboard, any suitable type
of pointing device, and/or a voice recognition device. The display 170 may also be a
touch-screen monitor, in which case the input device 180 is part of the monitor.

The remote computer 190 may be of any suitable type, including general- or
special- purpose computers. It may also contain a database for warehouse management,
storing such information as load movement histories, orders, inventory, billing records,
personnel records and customer records. The content of the database may be updated
from time to time with the interrogation results from the interrogator, manual input via
the onboard processor by the operator, and information from the host computer through
the remote link.

The transport vehicle 110 may also be equipped to interrogate RFID tags located‘.
at a number of different locations (suchk as heights) relative to the vehicle 110 and/or
tags communicating at different frequencies (for example, tags for inventory items may
use a different frequency than those for locations). This versatility may be achieved by
connecting multiple antennas, each having a different orientation, to an interrogétor, or
mounting multiple RFID interrogators, each with its own frequency, on the same

vehicle.
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In an illustrative application of the invention, consider a warehouse where items
arrive at the warehouse to be distributed to various destinations, are moved along a main
conveyer belt, and then are passed on to different spurs, at the end of which pallets are
assembled. The operator of the transport vehicle 110 reads from the display 170 the
instructions from the remote computer 190 to pick up a pallet 132 at the end of a
particular spur 142. See Fig. 2(a). The operator drives the vehicle 110 to the specified
warehouse location 142 and approaches a pallet. The interrogator 120 interrogates the
tag 140, which transmits a signal encoded with the location information. ~The
interrogator detects the signal, which is sent to the processor for determination of
whether the vehicle 110 has approached the correct location. When the processor
confirms that the location is correct, the processor then identiﬁes the pallet 132 by
interrogating the tag 130 using the interrogator 120. The tag 130 transmits a signal
encoded with a pallet number. The signal received by the interrogator 120 is processed
by the processor. If the pallet number is correct, thg operator proceeds to pick up the
pallet 132. The processor then instructs the operator to move the pallet to the loading
dock 152 (Fig. 2(b)): At the loading dock 152, a location confirmation process similar
to that for the starting location 142 is carried out. If the vehicle has arrived at the
correct loading dock, the operator receives a confirmation that the vehicle has come to
the correct loading dock (Fig. 2(c)). If the operator has taken the pallet to a wrong
location, the processor will send messages to the display 170 indicating the error. The
processor may additionally instruct the operator how to reach the correct location by
displaying a map and/or a set of directions. ’]\.‘he use of RFID tags and associated -
computer system thus facilitates easy and essentially instant identification and
confirmation of load and location. Any operator error with respect to the. identity,
location and movement of the load is immediately identified and corrective action may -
be immediately taken. The chances for errors associated with visual inspection are thus
greatly reduced.

During or at the end of the above sample process, the processor onboard the
vehicle 110 may transmit the status of the object and other related information to the
host computer 190. The processor may also write the updatéd movement history and/or
the status of the pallet 132 to the RFID tag 130. Such information may be used

subsequently by the tracking systems at the destination location, for example. Such
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information may be generated by the processor, received from the host computer or
manually input by the operator through the input device 180.

A modified management system 200 is shown in Fig. 3. The system is similar to
the system 100 shown in Figure 1, with the exceptions that a bar code label 230 is used -
for the load 132 in place of an RFID tag, and a bar code scanner 220 is used to scan bar’
codes on the loads or pallets. The locations are still identified by RFID tags 140 and
150, Using different types of identification markers for object and location offers
additional flexibility in accommodating a wider variefy of warehouse configurations and
operations, including accommodating bar-coded pallets tﬁat are not tagged with RFID
tags. Of course, barcodes need not be used in place of all RFID tags for loads. A mix
of barcodes and RFID tags may be used for load identification purposes, thereby further

incréasing the range of objects the system can handle.

Motion and Direcﬁon Determination
In certain applications, in addition to knowing thg location of a load, it is
desirable to know whether and in what direction a load has moved past a particular
point. For example, whena fork truck delivers a pallet to a trailer, it is often insufficient
to know that the pallet has arrived at the léading dock; it is often preferable to also |
know whether the pallet has passed the gate of the trailer from the loading dock side. In
principle, as shown in Fig. 4, it is possible to use two RFID tags 320 and 330 on either
side of a plane and determine the direction of the motion of the interrogator based on
which tag is detected first. But to achieve any reasonable accuracy in such |
- determination, the two tags must be placed far apart. That is, the distance between the
_two tags must be large enough so that the strength of the interrogation signals fall from
significantly above detection threshold to significantly below the detection threshold
over the distance. Such distances are often greater than the dimension of the site (such
as the warehouse trailer-door) allows. Furthermore, in this scheme, the most accurate
determination of motion occurs when the pallet truck is approaching the point 310 from
afar, rather than when it is just passing through the point 310. Thus the measurement
would not reflect the true status of the load.
To solve this problem, a preferred structure of a location marker 400 capable of

detecting object movement in accordance with one aspect of the invention is illustrated
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in Fig. 5. Tt includes two RFID tags 420 and 430 spaced a short distance apart. AnRF
shield 410, such as a metal plate, metal screen or other RF reflective or absorbant
material, is posit’ioned between the tags. Shield 410 is preferably located at an angle
(such as 45 degrees) relative to the direction of movement of the load. Gap 450,
preferably of approximately one inch (2.5 cm), is defined between tag 420 and the shield
to retain the sensitivity of the tag. A second metal plate 440 is preferably placed behind
the second tag, and defines a second gap 460 of approximately 1/2 inch (1.25 cm). Plate
440 preferably reduces the maximum read distance of tag 430, so as to further ensure
that only one tag can be read at any giv.en position. The entire assembly may be
enclosed in a RF transparent enclosure (not shown).
Because the RF shield blocks substantially all interrogation signals frorﬁ Tag 2
430 when the transport vehicle carrying the RFID interrogator and the load is on the
same side of the RF shield 410 as Tag 1 420, the interrogator will not detect Tag 2.
Similarly, when the interrogator is on the same side of the shield 410 as Tag 2 430, Tag
1 420 will not be detected. It is only when the iriterrogétor travels over a short range
near the plane dividing the two tags that both tags are detected by the interrogator.
Therefore, judging by the time sequence in which Tag 1 420 and Tag 2 430 are
detected, the directioh of movement past the plane defined by the RF shield 410 may be
accurately determined.
The same principle may be used in a slightly different arrangement, as shown in
. Fig: 6. In this case, a moving marker 400 moves past a stationary interrogator antenna
_510. The precise moment when the RF shield passes by the antenna may be determined

by the time sequence in which the two tags in the marker 400 are detected.

Differentiating Multiple RFID Tags

- In situations where multiple RFID tags are within the detectable range of an
interrogator, difficulties may arise if more than one tag responds to the interrogation
signal. For example, suppose the vehicle appfoaches a target location marked by an
RFID location tag but that there are other location tags also within the detection range
of the interrogator and they also respond to the interrogation signal. Because the
interrogator receives more than one response signal, the operator of the vehicle may be

unable to determine if the target RFID tag is the closest to the vehicle. One solution
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would be to maintain low-power RF interrogation signals, thereby reducing the
likelihood of having multiple tags within the detection range. But it also reduces
significantly the detection range of the interrogator, thereby diminishing many of the
advantages of uéing RFID tags.

This difficulty may be overcome, in accordance with one aspect of the invention,
by dynaﬁxically attenuating the interrogation signals, namely, beginning interrogation by
using interrogation signals of a high RF power level and reducing the power level to the
threshold level for the terget RFID tag to respond to the interrogation signals. As
illustrated in Fig. 7, a system includes an inferrogator 120, a processor 660, an antenna
122, and an attenuator 640. The attenuator, which is preferably a digital device,
transmits stronger interrogation signals when the target tag 620 is further away than
when the target tag 620 is closer. For an interrogator capable of varying output power,
the attenuator is configured within the interrogator; for an interrogator of fixed output
power, a digitally-controlled attenuator may be connected between the output of the .
interrogator and the antenna. As outlined in Fig. 8, the interrogator begins (810) by
transmitting interrogation signals at full power and determines whether the target tag has
been detected. If the target tag is detected (820), possibly together with other tags, the
power of the interrogation signals is reduced by a predetermined factor or increment
(830). If the target tag is still detected, the process is repeated from the beginning with
a larger power reduction factor or larger power reduction increment until the target tag .
is no longer detected (840). Once the target tag is no longer detected, the power of the
interrogation signals is increased back to the level of the previous step (850). Starting
with a reduced power reduction factor or increment, the process is repeated from step
840. The preferred factor or increment can generally be empirically determined at the
time the system is installed, based on the anticipated minimum spacing between adjacent

tags.

The net effect of this procedure is that the RF power level of the interrogation
signal keeps decreasing as long as the detection range is greater than the distance
between the interrogator and the target tag and keeps increasing as long as detection
range is smaller than the distance between the interrogator and the target tag. Thps, as"

the distance between the interrogator and the target tag changes, the power level of the
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interrogation signal is adjusted to “hunt” for the optimal level so that the detection range
matches the distance.

A consequence of the dynamic attenuation system described herein is that the
optimal RF power level of the interrogation signal is directly linked to the level of .
confidence that the interrogator is located next to the target tag: A low RF power level
means a smaller detection range and thus a closer target tag and higher confidence level.
Conversely, a high RF power level means a greater detection range and thus a more
distant target tag and lower confidence level.

This feature may be used to provide a signal indicative of the distance between
the interrogator and the target tag. For example, the output of a digital attenuator may
be used to represent a function of the distance. Alternatively, in a Variablé-power :
interrogator, the output power may be set by a variable voltage at a control point in the
interrogatdr. This voltage may be used as the signal indicative of the distance. The
sighal indicative of distance may in turn be used to generate a visual aid to the operator
for approaching a target tag via a user interface. A graphical bar 700, such as that
shown in Fig. 9, may be displayed on the onboard computer display 170 to represent the
conﬁdence level. The length of the bar 710 may be programmed to vary between a
minimum position 720, corresponding to the highest RF power setting, and a maximum
position 730, corresponding to the lowest RF power setting. Alternatively, the bar can
be programmed to indicate the distance to the target tag. The bar length in this caée
then increases with RF power level. Numerous other possibilities exist, from a
numerical display of confidence level of distance to a round dot pattern, the size of
which being indicative of distance to the tag. |

Alternatively, the confidence level indicator may be programmed to diéplay a
moving average calculated from the ratio between the count of target tags detected and
the total count of all tags detected on successive reads. '

' 'An alternative dynamic attenuation system includes the same components as the
system described above but is configured and arranged to repeat transmitting
interrdgaﬁon signals but continue reducing the power level of the interrogation signals -
as long as multiple RFID tags are detected, until only one RFID tag responds to the

interrogation signals. Because the interrogation signal strength decreases with distance,
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the lone responding RFID tag is substantially the closest to the interrogator among
multiple RFID tags.

Alternative/Additional Location Identification

The RFID tag-based system may be combined with other control and/or
guidance systems to achieve the desired functionality. For example, magnetic tapes that
can be épplied to roads and warehouse floors for vehicle guidance‘ may be used for
location determination as an alternative'or additional device to RFID location markers.

" Suitable magnetic tape is known in the art. An example of such tape is disclosed in the
U.S. Patent Application Serial No. 08/341,369 to Dahlin, et al. filed November 17, 1994
and entitled “Conformable Magnetic Articles for Use With Traffic-Bearing Surfaces”,
which was published as WO 96/16231. In a system using such magnetic tape, the tapé is
laid on a traffic-bearing surface. A magnetic sensor mounted on the transport vehicle
detects the magnetic signal when the sensor passes over a portion of the tape. Further,
such tape may be magnetized (“encoded” or "written”) in patterns indicative of the
positions along the tape, so as to allow vehicle pdsition determination upon reading the
encoded information by the sénsors on the vehicle. Such guidance system may be used
in combination with RFID systems to achieve even greater operation efficiency.

An example of such a system, in which pallets are stored in lanes demarcated on
a warehouse floor, is shown in Fig. 10. A strip of such magnetic taf)e 540 may be laid
along each lane. A vehicle 510 is equipped with both an RFID interrogator (which is
shown integrated into processor 520) and a magnetic signal reader 530. The' tape is
encoded such that the position along the tape can be determined by the tape reader on
the vehicle. For exainple, the magnetic pattern at a segment of the tape next to a stock
location may be read as a numeric code that the processor recognizes a§ indicative of the

. location number corresponding to the stock location, such as a floor position. The
processor receives location information from the tape via tape reader 530 and pallet -
identity information from the RFID tags (such as tag 560) via the interrogator and
antenna 550. The processor also sends out instructions to the vehicle as to the tasks to
be accomplished, including pallet pick-up coordinates, pallet number and pallet

destination coordinates.
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Another example of possible operations with the invention is pallet movement
involving not only horizontal vehicle movement but also vertical movement of pallets to
and from slots in warehouse racks, as shown in Fig. 11. In such a system, the
warehouse racks may be marked by RFID tags 790 as described above. As in the
previous embodiments, vehicle 750 is equipbed with an interrogator 760 and an antenna
770 that may be used to read tags 790 so as to identify a desired warehouse rack. In
order to avoid the need to mark each slot in each warehouse rack with a separate
location mark, it may be desirable to equip vehicle 750, which in this émbodiment isa
reach truck, with a height sensor 780. The vertical travel of the fork of the reach truck
is monitored by the height sensor, which transmits a height signal to the processor or
remote host computer. The height sensor is preferably a counter connected to the drive
mechanism of the fork, but may be any other suitable device for measuring height, such
as a linear displacement mechanism, laser range finder, etc. The processor may instruct
the operator to raise the fork to a predetermined height to put away or retrieve from a
shelf. The operator may manually control the raising of the fork to the height, or the lift
truck may be programmed to automatically stop at the desired height. With such a
system, the mover‘nent of inventory items in all three dimensions may be efficiently and
accurately controlled. Moreover, using a height sensor on the forklift eliminates the
need to place RFID sensors at each storage level (slot) in a vertically extending
warehouse rack. Instead, each column of slots can be identified by a single RFID tag,
with the individual slots within that column being identified by a height iﬁdicator.

The specific embodiments described above provide a fully automated system for
identifying, moving and tracking objects throughout a warehouse or other similar
environment. The system provides immediate feedback to the operator throughout the
warehouse operations, thus minimizing the possibility for error. The system is adaptable
for use with all of the wide ‘variety of locations that are involved in warehouse
operations, such as stocking locations, storage racks, floor lanes, and shipping docks.
Because the system can operate in conjuncﬁon with a central data repository, the system
can direct and track all object movement throughou’é the entire warehouse. By using the
invention, errors in inventory management may be greatly reduced, and productivity

thereby increased.
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The particular embodiments disclosed above are illustrative only, as the invention
may be modified and practiced in different but equivalent manners apparent to those
skilled in the art having the benefit of the teachings herein. Furthermore, no limitations
are intended to the details of construction or design herein shown, other than as
described in the claims below. It is therefore evident that the particular embodiments
disclosed above may be altered or modified and all such variations are considered within
the scope and spirit of the invention. Accordingly, the protection sought herein is as set

forth in the claims below.
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We claim;

1. A system for tracking an object positionable at a plurality of locations, the

system comprising;

(a) a transport vehicle to move the object between locations;

(b) an object marker associated with the object which stores information
indicative of the identity of the object;

(¢) a plurality of location markers, each of which is positioned at one of a
plurality of locations and stores information indicative of the location of
the marker;

(d) an interrogator mounted on the vehicle to receive from the object marker the
information indicative of the identity of the objebt and from the location
markers the information indicative of the location of the markers, the
interrogator comprising a radio-frequency transmitter for transmitting
information to be stored on a marker and a radio-frequency receiver; and

(e) a processor on-board the vehicle operatively connected to the interrogator,
wherein the processor determines the identity of the object from the
information indicative of the identity of the object, the location of at least
one of the location markers from the information indicative of the
location of the marker, and the spatial relationship between the object

and the location.

2. The system of claim 1, wherein the radio-frequency transmitter transmits one
or more interrogation signals;

wherein each of the location markers comprises a radio-frequency identification
tag to transmit a signal encoded with the information indicative of the location of the
marker in response to one of the one or more interrdgation signals;

wherein the object marker comprises a radio-frequency identification tag to
transmit a signal encoded with the information indicative of the identity of the object in
response to one of the one or more interrogation signals; and

wherein the radio-frequency receiver receives the signals from the location

markers and object markers.
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3. The system of claim 1, wherein each of the location markers comprises a
radio-frequency identification tag to transmit a signal encoded with the information
indicative of the location of the marker;

wherein the object marker comprises a ba;code containing the information
indicative of the identity of the object;

wherein the radio-frequency transmitter transmits an interrogation signal and the
receiver receives the encoded signals; and

wherein the interrogator further comprises a barcode reader that reads the

barcode.

4. The system of claim 2, wherein the transmitter of the interrogator is further
capable of transmitting a signal encoded with information and the object marker stores

the encoded information.

5. The system of claim 1, further comprising a signal generator operatively
connected to the processor to provide to the operator of the vehicle a signal indicative
of the location of one of the plurality of location markers when the interrogator receives

from the location marker the information indicative of the location of the marker.

6. The system of claim 5, wherein the signal provided to the operator is an

audible signal.

7. The system of claim 5, wherein the signal provided to the operator is a visual

signal.

8. The system of claim 7, further comprising a computer display monitor,

wherein the visual signal is a computer-generated pattern displayed on the monitor.

9. The system of claim 8, wherein the processor displays on the monitor
instructions to the operator, the instructions including the identity of the object to be

transported and at least one location to which the object is to be transported.
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10. The system of claim 1, further comprising an additional interrogator
mounted on the vehicle to receive from the object marker the information indicative of
the identity of the object and from the location markers the information indicative of the

location of the markers.

11. The system of claim 2, wherein the interrogator further comprises a plurality

of antennas to receive radio-frequency signals from a plurality of directions.

12. The system of claim 2, wherein the interrogator receives signals from a
radio-frequency identification tag and generates a signal indicative of the distance

between the interrogator and the tag.

13. The system of claim 12, wherein the interrogator varies the power level of

the interrogation signal based on the distance between the interrogator and the tag.

14. The system of claim 12, wherein the interrogator geﬁerates a visual signal

indicative of the distance between the interrogator and the tag.

15. The system of claim 2, wherein at least one of the location markers defines a
plane, wherein the at least one of the location markers transmits a first signal indicating
that the interrogator is located on one side of the plane and transmits a second signal
indicating that the interrogator is located on the other side of the plane, and

wherein the second signal is different from the first signal.

16. The system of claim 15, wherein the at least one of the location markers
comprises two radio-frequency identification tags defining the plane therebetween to
transmit signals indicative of the location in response to an interrogation signal of
suﬁicient strength from the interrogator, and wherein the at least one location marker is
configured and arranged to enable the tag on the same side of the interrogator to
respond to the interrogation signal while preventing the other tag from responding to the

interrogation signal.
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17. The system of claim 16, wherein the at least one location marker further

comprises a radio-frequency shield positioned between the two tags.
18. The system of claim 17, wherein the shield comprises a metal plate.

19. The system of claim 2, wherein the transport vehicle further comprises a lift
capable of retrieving and positioning a load at a plurality of heights and a height sensor
for measuring the height at which the load is positioned, and wherein the processor is
operatively connected to the height sensor to determine the height at which the load is

positioned.

20. The system of claim 2, wherein the transmitter of the interrogator is further
capable of transmitting a signal encoded with information and at least one of the location

markers stores the encoded information.

21. A radio-frequency identification system comprising:

(a) an interrogator to transmit an interrogation signal,

(b) a radio-frequency identification tag aésembly to receive the interrogation

| signal and thereupon transmit a response signal, the tag assembly béing

associated with a plane defining a first side and a second side; and

(c) a processor operatively attached to the interrogator,

wherein the interrogator receives the response signal, and wherein the processor
determines based on the response signal whether the interrogator is on

the first side or the second side of the plane.

22. The system of claim 21, wherein the tag assembly transmits a first signal
when the interrogator is located on the first side of the plane and transmits a second
signal, different from the first signal, when the interrogator is located on the second side

of the plane.

23. The system of claim 22, wherein the tag assembly comprises two radio-

frequency identification tags defining the plane therebetween to transmit signals in
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response to an interrogation signal of sufficient strength from the interrogator, wherein
the tag assembly is configured and arranged to enable the tag on the same side of the
interrogator to receive the interrogation signal of sufficient strength while preventing the

other tag from receiving the interrogation signal of sufficient strength.

24. The system of claim 23, wherein the tag assembly further comprises a radio-

frequency shield positioned between the two tags.
25. The system of claim 24, wherein the shield comprises a metal plate.

26. A radio-freciuency identification system comprising:

(a) an interrogator comprising: | |
(1) a transmitter for broadcasting an interrogation signal, and
(2) areceiver; and

- (b) a plurality of radio-frequency identification tags, each of the tags being

capable of transmitting a signal encoded with information indicative of
the identity of the tag in response to the interrogation signal,

wherein the transmitter of the interrogator varies the interrogation signal so as to
receive the encoded signal only from the tag that is closest to the

interrogator.

27. The system of claim 26, wherein the interrogator initially transmits an
interrogation signal that has a power level sufficient to cause the plurality of radio-
fréquency tags to transmit signals indicative of the identity of the tags in response to the
interrogation signal, and subsequently adjusts the strength of the interrogation signals
until only one of the plurality of tags transmits signals indicative of its identity in

response to the interrogation signals.

28. A system for tracking an object positionable at a plurality of locations on a
.trafﬁc-bearing surface, the system comprising:

(a) a transport vehicle to move the object between locations;
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(b) an object marker associated with the object which stores information
indicative of the identity of the object;

(c) a strip of magnetic tape associated with the traffic-bearing surface, wherein
the magnetic tape includes a plurality of segments, wherein each of the
segments is encoded with information indicative of the location of the
segment and each of the segments produces a magnetic signal encoded
with the information indicative of the location of the segment;

(d) an interrogator mounted on the vehicle to receive from the object marker the
information indicative of the identity of the object;

(e) a magnetic signal reader mounted on the vehicle for sensing the signals
generated by the magnetic tape; and

(f) a processor operatively connected to the interrogator and the mégnetic signal
reader to determine the identity of the object from the information
indicative of the identity of the object, the location of at least one of the
segments of the magnetic tape and the spatial relationship between the

object and the location.

29.. A transport vehicle for moving an object having a radio-frequency
identification tag attached thereon between locations, the vehicle comprising:

(2) a radio-frequency identification interrogator to receive a signal from the tag;

(b) a lift capable of positioning the object at a plurality of heights;

(c) a height sensor to generate a signal indicative of the height at which the
object is positioned; |

(d) means for generating a signal indicative of the horizontal location of the
vehicle; and

(e) a processor operatively connected to the interrogator, height sensor and
signal generating means, wherein the processor determines the identity of
the object from the signal received from the tag, determines the height of
the object from the signal received from the height sensor, and
determines the horizontal location of the vehicle from the signal

generating means.
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30. A radio-frequency identification assembly for determining the direction of a

source of radio-frequency interrogation signal, comprising:

(a) a first radio-frequency identification tag having a first identity, wherein the
first tag transmits a signal indicative of the first identity in response to the
radio-frequency interrogation signal;

(b) a second radio-frequency identification tag having a second identity, wherein
the second tag transmits a signal indicative of the second identity in
response to the radio-frequency interrogation signal; and

(c) a radio-frequency signal shield between the first and second radio-frequency
identification tags,

wherein the shield defines a plane separating the first and second tags, and

wherein the shield allows only the first tag to respond the interrogation signal when the
source of the interrogation signal is on thé same side of the plane as the first tag, and
allows only the second‘tag to respond the interrogation signal when the source of the

interrogation signal is on the same side of the plane as the second tag.
31. The assembly of claim 30, wherein the shield is a metal plate.

32. A method of managing an object to be moved between locations in an
eﬂvironment wherein a first radio-frequency identification tag is affixed to the object and
has stored therein and capable of transmitting signals encoded with information
indicative of the identity of the object, a second radio-frequency identification tag is
affixed at a location and has stored therein and capable of transmitting signals encoded
with information indicative of the location of the second tag, and a transport vehicle is
equipped with a radio-frequency identification tag interrogator, capable of receiving the
signals from the tags and détermihing the information stored in the tags, the method
comprising:

(a) using the interrogator to receive the information indicative of the identity of

the object; |

(b) determining a proposed location to which thé object is to be moved;

(c) using the vehicle to move the object to a location;
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(d) using the interrogator to receive the information indicative of the location;
and '
(e) depositing the object at the location when the location indicated by the

information received in step (d) matches the proposed location.

33. The method of claim 32, further comprising the step of determining a
proposed identity of the object, wherein the step (c) is performed only when the identity
indicated by the information received in step (2) matches the proposed identity of the

object.

34. The method of claim 32, further comprising providing an operator operating
the transport vehicle with visual displays of instructions including the proposed identity

of the object and proposed location.

35. The fnethéd of claim 34, wherein providing visual display comprises

displaying the instructions on a computer screen.

36. The method of claim 35, wherein displaying on a computer screen comprises

displaying through a graphical user interface.

37. A method of using a radio-frequency identification interrogator that
transmits a radio-frequency interrogation signal with an adjustable power output level to
find a target radio-frequency tag among a plurality of radio-frequency identification tags,
each of tags being capable of transmitting an identification signal in response to an
interrogation signal frorﬁ the interrogator, the method sequentially comprising;

(a) transmitting interrogation signals at a starting power output level;

- (b) determining whether the target tag has been detected by the interrogator;

(c) reducing the power output level if the target tag is detected;

G)) \repeating steps (a)-(c), each time using the reduced power output level

reached at step (c) of the previous repetition as the starting power output

level in step (a), until the target' tag is no longer detected; and
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(e) transmitting an interrogation signal at the reduced power output level
reached at the end of repetition immediately previous to the last

repetition in (d).

38. The method of claim 37, further comprising moving the interrogator relative

to the target tag during at least some of the steps in claim 37.

39. The method of claim 38, further comprising providing a visual signal

indicative of the power output level.

40. The method of claim 39, wherein the step of providing a visual signal
comprises updatir‘lgt the visual signal of the power output level at the end of each

sequence (a)-(e).



