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This description provides an autonomous or semi - autono 
mous excavation vehicle that is capable of navigating 
through a dig site and carrying out an excavation routine 
using a system of sensors physically mounted to the exca 
vation vehicle . The sensors collect any one or more of 
spatial , imaging , measurement , and location data represent 
ing the status of the excavation vehicle and its surrounding 
environment . Based on the collected data , the excavation 
vehicle executes instructions to carry out an excavation 
routine . The excavation vehicle is also able to carry out 
numerous other tasks , such as checking the volume of 
excavated earth in an excavation tool and helping prepare a 
digital terrain model of the site as part of a process for 
creating the excavation routine . 
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EXCAVATING EARTH FROM A DIG SITE 
USING AN EXCAVATION VEHICLE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] This application is a continuation of U.S. patent 
application Ser . No. 16 / 985,176 , filed on Aug. 4 , 2020 , 
which is a continuation of U.S. patent application Ser . No. 
15 / 877,217 , filed on Jan. 22 , 2018 , allowed , which claims 
the benefit of U.S. Provisional Application Ser . No. 62/449 , 
443 , filed on Jan. 23 , 2017 , U.S. Provisional Application Ser . 
No. 62 / 510,576 , filed May 24 , 2017 , and U.S. Provisional 
Application Ser . No. 62 / 514,341 , filed Jun . 2 , 2017 , all of 
these applications are incorporated herein by reference in 
their entirety for all purposes . 

BACKGROUND 

Field of Art 

[ 0002 ] The disclosure relates generally to method for 
excavating earth from a dig site , and more specifically to 
excavating earth using a vehicle operated using a sensor 
assembly coupled to control the vehicle . 

Description of the Related Art 
[ 0003 ] Vehicles such as backhoes , loaders , and excavators , 
generally categorized as excavation vehicles , are used to 
excavate earth from locations . Currently , operation of these 
excavation vehicles is very expensive as each vehicle 
requires a manual operator be available and present during 
the entire excavation . Further complicating the field , there is 
an insufficient labor force skilled enough to meet the demand 
for operating these vehicles . Because they must be operated 
manually , excavation can only be performed during the day , 
extending the duration of excavation projects and further 
increasing overall costs . The dependence of current exca 
vation vehicles on manual operators increases the risk of 
human error during excavations and reduce the quality of 
work done at the site . 

site with a sensor physically mounted on the excavation 
vehicle . The sensor records contextual information , at dif 
ferent positions and orientations , as representations of a 
current physical state of the site . The method also includes 
using the received digital file and the recorded contextual 
information to generate a digital terrain model of the site . 
The digital terrain model includes a volume of earth to be 
excavated to form the planned hole . Using the digital terrain 
model , the method includes generating a plurality of target 
tool paths to be carried out by a tool mounted to the 
excavation vehicle for the excavation of the volume of earth 
from the site . 
[ 0006 ] According to an embodiment , a method for remov 
ing a volume of earth from a site includes accessing a 
plurality of target tool paths from a coupled computer 
memory . The target tool paths describe a set of coordinates 
within a coordinate space of the site and represent a portion 
of the volume of earth to be removed . The method also 
includes executing , with a computer coupled to the excava 
tion vehicle , a set of instructions for excavating the volume 
of earth . To execute the instructions , the excavation vehicle 
positions the leading edge of a tool of the excavation vehicle 
at depth below the surface of the earth , moving the tool a 
first distance along the target tool path , and measuring the 
tool . The excavation vehicle also determines that the fill 
level is below a threshold and moves the tool a second 
distance along the target tool path . 
[ 0007 ] According to an embodiment , a method for ana 
lyzing an amount of earth in a tool includes recording data 
representing a current fill state of a tool mounted to the 
excavation vehicle with a sensor and , based on the recorded 
data , generating , by a coupled computer , a current represen 
tation of the amount of earth in the tool . The method also 
includes accessing , from a computer memory coupled to the 
excavation vehicle , an empty representation of the tool and , 
based on a different between the current representation and 
the empty representation , determining a volume of earth 
within the tool . In response to the volume of earth being less 
than a threshold , the method includes executing , by the 
coupled computer , a set of instructions to se a leading edge 
of the tool below a ground surface to continue or repeat a 
target tool path . 
[ 0008 ] The described excavation system reduces the cost 
of excavating a site by reducing the need for manual labor , 
by obtaining actionable information that helps design and 
increase the efficiency of the excavation project , and by 
improving the overall quality and precision of the project by 
carrying out consistent , repeatable actions in accordance 
with excavation plans . 

SUMMARY 

BRIEF DESCRIPTION OF DRAWINGS 

[ 0004 ] Described is an autonomous or semi - autonomous 
excavation system that unifies an excavation vehicle with a 
sensor system for excavating earth from a site . The exca 
vation system controls and navigates an excavation vehicle 
through an excavation routine of a site . The excavation 
system uses a combination of sensors integrated into the 
excavation vehicle to record the positions and orientations of 
the various components of the excavation vehicle and / or the 
conditions of the surrounding earth . Data recorded by the 
sensors may be aggregated or processed in various ways , for 
example , to determine and control the actuation of the 
vehicle's controls , to generate representations of the current 
state of the site , to perform measurements and generate 
analyses based on those measurements , and perform other 
tasks described herein . 
[ 0005 ] According to an embodiment , a method for pre 
paring a representation of a site includes receiving a digital 
file of the site describing a planned hole yet to be excavated 
and an area surrounding the planned hole . In the digital file , 
the site is represented as a coordinate space with respect to 
a geographic map . The excavation vehicle navigates the site 
and concurrently records contextual information about the 

[ 0009 ] FIG . 1 shows an excavation system for excavating 
earth , according to an embodiment . 
[ 0010 ] FIG . 2A illustrates the example placement of sen 
sors for a compact track loader , according to an embodi 
ment . 

[ 0011 ] FIG . 2B illustrates the example placement of sen 
sors for an excavator , according to an embodiment . 
[ 0012 ] FIG . 3 is a high - level block diagram illustrating an 
example of a computing device used in an on - unit computer , 
off - unit computer , and / or database server , according to an 
embodiment . 
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than one of each component may be present , and additional 
or fewer components may be used different than those 
described herein . 
[ 0028 ] I.A. Excavation Vehicle 
[ 0029 ] The excavation vehicle 115 is an item of heavy 
equipment designed to excavate earth from a hole within a 
dig site . Excavation vehicles 115 are typically large and 
capable of moving large volumes of earth at a single time , 
particularly relative to what an individual human can move 
by hand . Generally , excavation vehicles 115 excavate earth 
by scraping or digging earth from beneath the ground 
surface . Examples of excavation vehicles 115 within the 
scope of this description include , but are not limited to 
loaders such as backhoe loaders , track loaders , wheel load 
ers , skid steer loaders , scrapers , graders , bulldozers , com 
pactors , excavators , mini - excavators , trenchers , skip load 
ers . 

an 

[ 0013 ] FIG . 4 illustrates an example coordinate space in 
which an excavation vehicle carries out an excavation 
routine in a dig site , according to an embodiment . 
[ 0014 ] FIG . 5 is a diagram of the logical architecture for 
controlling an excavation vehicle , according to an embodi 
ment . 
[ 0015 ] FIG . 6A is a diagram of the logical architecture for 
the preparation module , according to an embodiment . 
[ 0016 ] FIG . 6B shows a flowchart describing the process 
for an excavation vehicle to prepare a digital terrain model 
of a dig site , according to an embodiment . 
[ 0017 ] FIG . 7A is a diagram of the logical architecture for 
the earth removal module of , according to an embodiment . 
[ 0018 ] FIG . 7B shows a flowchart describing the process 
for an excavation vehicle to execute a grading routine , 
according to an embodiment . 
[ 0019 ] FIG . 7C shows a flowchart describing the process 
for an excavation vehicle to execute a digging routine , 
according to an embodiment . 
[ 0020 ] FIG . 7D shows a flowchart describing the process 
for an excavation vehicle to execute a fill estimate routine , 
according to an embodiment . 
[ 0021 ] FIG . 8A is a diagram of the system architecture for 
the volume check module of an excavation vehicle , accord 
ing to an embodiment . 
[ 0022 ] FIG . 8B shows a flowchart describing the process 
for an excavation vehicle to execute a volume check routine , 
according to an embodiment . 
[ 0023 ] FIG . 9 is a diagram of the system architecture for 
the soil property module of an excavation vehicle , according 
to an embodiment . 
[ 0024 ] The figures depict various embodiments of the 
presented invention for purposes of illustration only . One 
skilled in the art will readily recognize from the following 
discussion that alternative embodiments of the structures 
and methods illustrated herein may be employed without 
departing from the principles described herein . 

DETAILED DESCRIPTION 

I. Excavation System 

[ 0030 ] Among other components , excavation vehicles 115 
generally include a chassis 205 , a drive system 210 , 
excavation tool 175 , an engine ( not shown ) , an on - board 
sensor assembly 110 , and a controller 150. The chassis 205 
is the frame upon on which all other components are 
physically mounted . The drive system 210 210 give the 
excavation vehicle 115 mobility through the excavation site . 
The excavation tool 175 includes not only the instrument 
collecting dirt , such as a bucket or shovel , but also any 
articulated elements for positioning the instrument for the 
collection , measurement , and dumping of dirt . For example , 
in an excavator or loader the excavation tool refers not only 
the bucket but also the multi - element arm that adjusts the 
position and orientation of the tool . 
[ 0031 ] The engine powers both the drive system 210 and 
the excavation tool 175. The engine may be an internal 
combustion engine , or an alternative power plant , such as an 
electric motor or battery . In many excavation vehicles 115 , 
the engine powers the drive system 210 and the excavation 
tool commonly through a single hydraulic system , however 
other means of actuation may also be used . A common 
property of hydraulic systems used within excavation 
vehicles 115 is that the hydraulic capacity of the vehicle 115 
is shared between the drive system 210 and the excavation 
tool . In some embodiments , the instructions and control 
logic for the excavation vehicle 115 to operate autono 
mously and semi - autonomously includes instructions relat 
ing to determinations about how and under what circum 
stances to allocate the hydraulic capacity of the hydraulic 
system . 
[ 0032 ] I.B. Sensor Assembly 
[ 0033 ] As introduced above , the sensor assembly 110 
includes a combination of one or more of : measurement 
sensors 125 , spatial sensors 130 , imaging sensors 135 , and 
position sensors 145. The sensor assembly 110 is configured 
to collect data related to the excavation vehicle 115 and 
environmental data surrounding the excavation vehicle 115 . 
The controller 150 is configured to receive the data from the 
assembly 110 and carry out the instructions of the excava 
tion routine provided by the computers 120 based on the 
recorded data . This includes control the drive system 210 to 
move the position of the tool based on the environmental 
data , a location of the excavation vehicle 115 , and the 
excavation routine . 
[ 0034 ] Sensors 170 are either removably mounted to the 
excavation vehicle 115 without impeding the operation of 
the excavation vehicle 115 , or the sensor is an integrated 

[ 0025 ] FIG . 1 shows an excavation system 100 for exca 
vating earth autonomously or semi - autonomously from a dig 
site using a suite of one or more sensors 170 mounted on an 
excavation vehicle 115 to record data describing the state of 
the excavation vehicle 115 and the excavated site . As 
examples , FIGS . 2A and 2B illustrate the example place 
ment of sensors for a compact track loader and an excavator , 
respectively , according to example embodiments . FIGS . 
1-2B are discussed together in the following section for 
clarity . 
[ 0026 ] The excavation system 100 includes a set of com 
ponents physically coupled to the excavation vehicle 115 . 
These include a sensor assembly 110 , the excavation vehicle 
115 itself , a digital or analog electrical controller 150 , and an 
on - unit computer 120a . The sensor assembly 110 includes 
one or more of any of the following types of sensors : 
measurement sensors 125 , spatial sensors 130 , imaging 
sensors 135 , and position sensors 145 . 
[ 0027 ] Each of these components will be discussed further 
below in the remaining sub - sections of FIG . 1. Although 
FIG . 1 illustrates only a single instance of most of the 
components of the excavation system 100 , in practice more 
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cally to be constructed and / or mounted to the excavation 
vehicle 115. This will also depend in part on the construction 
of the excavation vehicle 115. Using the compact track 
loader of FIG . 2A as an example , the representations with 
diagonal crosshatching represent the example placements of 
a set of measurement sensors 125 , the representation with 
diamond crosshatching represent example placements of a 
set of spatial sensors 130 , and the representations with grid 
crosshatching represent example placements of a set of 
position sensors 145. Using the excavator of FIG . 2B as 
another example , diagonal crosshatchings represent mea 
surement sensors 125 , diamond crosshatchings represent 
spatial sensors 130 , and grid crosshatchings represent posi 
tion sensors 145. Additionally vertical crosshatchings near 
the drive system 210 represent example placements for a 
linear encoder 210 and horizontal crosshatchings near the 
roof represent imaging sensors 135 , for example RGB 
cameras . 

component that is a native part of the excavation vehicle 115 
as made available by its manufacturer . Each sensor transmits 
the data in real - time or as soon as a network connection is 
achieved , automatically without input from the excavation 
vehicle 115 or a human operator . Data recorded by the 
sensors 170 is used by the controller 150 and / or on - unit 
computer 120a for analysis of , generation of and carrying 
out of excavation routines , among other tasks . 
[ 0035 ] Position sensors 145 provide a position of the 
excavation vehicle 115. This may be a localized position 
within a dig site , or a global position with respect latitude ! 
longitude , or some other external reference system . In one 
embodiment , a position sensor is a global positioning system 
interfacing with a static local ground - based GPS node 
mounted to the excavation vehicle 115 to output a position 
of the excavation vehicle 115 . 
[ 0036 ] Spatial sensors 130 output a three - dimensional 
map in the form of a three - dimensional point cloud repre 
senting distances between one meter and fifty meters 
between the spatial sensors 130 and the ground surface or 
any objects within the field of view of the spatial sensor 130 , 
in some cases per rotation of the spatial sensor 130. In one 
embodiment , spatial sensors 130 include a set of light 
emitters ( e.g. , Infrared ( IR ) ) configured to project structured 
light into a field near the excavation vehicle 115 , a set of 
detectors ( e.g. , IR cameras ) , and a processor configured to 
transform data received by the infrared detectors into a point 
cloud representation of the three - dimensional volume cap 
tured by the detectors as measured by structured light 
reflected by the environment . In one embodiment , the spatial 
sensor 130 is a LIDAR sensor having a scan cycle that 
sweeps through an angular range capturing some or all of the 
volume of space surrounding the excavation vehicle 115 . 
Other types of spatial sensors 130 may be used , including 
time - of - flight sensors , ultrasonic sensors , and radar sensors . 
[ 0037 ] Imaging sensors 135 capture still or moving - video 
representations of the ground surface , objects , and environ 
ment surrounding the excavation vehicle 115. Examples 
imaging sensors 135 include , but are not limited to , stereo 
RGB cameras , structure from motion cameras , and monocu 
lar RGB cameras . In one embodiment , each camera can 
output a video feed containing a sequence of digital photo 
graphic images at a rate of 20 Hz . In one embodiment , 
multiple imaging sensors 135 are mounted such that each 
imaging sensor captures some portion of the entire 360 
degree angular range around the vehicle . For example , front , 
rear , left lateral , and right lateral imaging sensors may be 
mounted to capture the entire angular range around the 
excavation vehicle 115 . 
[ 0038 ] Measurement sensors 125 generally measure prop 
erties of the ambient environment , or properties of the 
excavation vehicle 115 itself . These properties may include 
tool position / orientation , relative articulation of the various 
joints of the arm supporting the tool , vehicle 115 speed , 
ambient temperature , hydraulic pressure ( either relative to 
capacity or absolute ) including how much hydraulic capac 
ity is being used by the drive system 210 and the excavation 
tool separately . A variety of possible measurement sensors 
125 may be used , including hydraulic pressure sensors , 
linear encoders , radial encoders , inertial measurement unit 
sensors , incline sensors , accelerometers , strain gauges , gyro 
scopes , and string encoders . 
[ 0039 ] There are a number of different ways for the sensor 
assembly 110 generally and the individual sensors specifi 

[ 0040 ] Generally , individual sensors as well as the sensor 
assembly 110 itself range in complexity from simplistic 
measurement devices that output analog or electrical sys 
tems electrically coupled to a network bus or other commu 
nicative network , to more complicated devices which 
include their own onboard computer processors , memory , 
and the communications adapters ( similar to on - unit com 
puter 120a ) . Regardless of construction , the sensors and / or 
sensor assembly together function to record , store , and 
report information to the computers 120. Any given sensor 
may record or the sensor assembly may append to recorded 
data a time stamps for when data was recorded . 
[ 0041 ] The sensor assembly 110 may include its own 
network adapter ( not shown ) that communicates with the 
computers 120 either through either a wired or wireless 
connection . For wireless connections , the network adapter 
may be a Bluetooth Low Energy ( BTLE ) wireless transmit 
ter , infrared , or 802.11 based connection . For wired connec 
tion , a wide variety of communications standards and related 
architecture may be used , including Ethernet , a Controller 
Area Network ( CAN ) Bus , or similar . 
[ 0042 ] In the use of a BTLE connection , After the sensor 
assembly 110 and on - unit computer 120a have been paired 
with each other using a BLTE passkey , the sensor assembly 
110 automatically synchronizes and communicates informa 
tion relating to the excavation of a site to the on - site 
computer 120a . If the sensor assembly 110 has not been 
paired with the on - unit computer 120 prior to the excavation 
of a site , the information is stored locally until such a pairing 
occurs . Upon pairing , the sensor assembly 110 communi 
cates any stored data to the on - site computer 120a . 
[ 0043 ] The sensor assembly 110 may be configured to 
communicate received data to any one of the controller 150 
of the excavation vehicle 115 , the on - unit computer 120a , as 
well as the off - unit computer 120b . For example , if the 
network adapter of the sensor assembly 110 is configured to 
communicate via a wireless standard such as 802.11 or LTE , 
the adapter may exchange data with a wireless access point 
such as a wireless router , which may in turn communicate 
with the off - unit computer 120b and also on - unit computer 
120a . This type of transmission may be redundant , but it can 
help ensure that recorded data arrives at the off - unit com 
puter 120b for consumption and decision making by a 
manual operator , while also providing the data to the on - unit 
computer 120a for autonomous or semi - autonomous deci 
sion making in the carrying out of the excavation plan . 
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[ 0044 ] I.C. On - Unit Computer 
[ 0045 ] Data collected by the sensors 170 is communicated 
to the on - unit computer 120a to assist in the design or 
carrying out of an excavation routine . Generally , excavation 
routines are sets of computer program instructions that , 
when executed control the various controllable inputs of the 
excavation vehicle 115 to carry out an excavation - related 
task . The controllable input of the excavation vehicle 115 
may include the joystick controlling the drive system 210 
and excavation tool and any directly - controllable articulable 
elements , or some controller 150 associated input to those 
controllable elements , such as an analog or electrical circuit 
that responds to joystick inputs . 
[ 0046 ] Generally , excavation - related tasks and excavation 
routines are broadly defined to include any task that can be 
feasibly carried out by an excavation routine . Examples 
include , but are not limited to : dig site preparation routines , 
digging routines , fill estimate routines , volume check rou 
tines , dump routines , wall cutback routines , backfill / com 
paction routines . Examples of these routines are described 
further below . In addition to instructions , excavation rou 
tines include data characterizing the site and the amount and 
locations of earth to be excavated . Examples of such data 
include , but are not limited to , a digital file , sensor data , a 
digital terrain model , and one or more target tool paths . 
Examples of such data are further described below . 
[ 0047 ] The excavation vehicle 115 is designed to carry out 
the set of instructions of an excavation routine either entirely 
autonomously or semi - autonomously . Here , semi - autono 
mous refers to an excavation vehicle 115 that not only 
responds to the instructions but also to a manual operator . 
Manual operators of the excavation vehicle 115 may be 
monitor the excavation routine from inside of the excavation 
vehicle using the on - unit computer 120a or remotely using 
an off - unit computer 120b from outside of the excavation 
vehicle , on - site , or off - site . Manual operation may take the 
form of manual input to the joystick , for example . Sensor 
data is received by the on - unit computer 120a and assists in 
the carrying out of those instructions , for example by 
modifying exactly what inputs are provided to the controller 
150 in order to achieve the instructions to be accomplished 
as part of the excavation routine . 
[ 0048 ] The on - unit computer 120a may also exchange 
information with the off - unit computer 120b and / or other 
excavation vehicles ( not shown ) connected through network 
105. For example , an excavation vehicle 115 may commu 
nicate data recorded by one excavation vehicle 115 to a fleet 
of additional excavation vehicle 115s that may be used at the 
same site . Similarly , through the network 105 , the computers 
120 may deliver data regarding a specific site to a central 
location from which the fleet of excavation vehicle 115s are 
stored . This may involve the excavation vehicle 115 
exchanging data with the off - unit computer , which in turn 
can initiate a process to generate the set of instructions for 
excavating the earth and to deliver the instructions to 
another excavation vehicle 115. Similarly , the excavation 
vehicle 115 may also receive data sent by other sensor 
assemblies 110 of other excavation vehicles 115 as commu 
nicated between computers 120 over network 105 . 
[ 0049 ] The on - unit computer 120a may also process the 
data received from the sensor assembly 110. Processing 
generally takes sensor data that in a “ raw ” format may not 
be directly usable , and converts into a form that useful for 
another type of processing . For example , the on unit com 

puter 120a may fuse data from the various sensors into a 
real - time scan of the ground surface of the site around the 
excavation vehicle 115. This may comprise fusing the point 
clouds of various spatial sensors 130 , the stitching of images 
from multiple imaging sensors 135 , and the registration of 
images and point clouds relative to each other or relative to 
data regarding an external reference frame as provided by 
position sensors 145 or other data . Processing may also 
include up sampling , down sampling , interpolation , filtering , 
smoothing , or other related techniques . 
[ 0050 ] I.D. Off - Unit Computer 
[ 0051 ] The off - unit computer 120b includes a software 
architecture for supporting access and use of the excavation 
system 100 by many different excavation vehicles 115 
through network 105 , and thus at a high level can be 
generally characterized as a cloud - based system . Any opera 
tions or processing performed by the on - unit computer 120a 
may also be performed similarly by the off - unit computer 
120b . 

[ 0052 ] In some instances , the operation of the excavation 
vehicle 115 is monitored by a human operator . Human 
operators , when necessary , may halt or override the auto 
mated excavation process and manually operate the exca 
vation vehicle 115 in response to observations made regard 
ing the features or the properties of the site . Monitoring by 
a human operator may include remote oversight of the whole 
excavation routine or a portion of it . Human operation of the 
excavation vehicle 115 may also include manual control of 
the joysticks of the excavation vehicle 115 for portions of the 
excavation routine ( i.e. , preparation routine , digging routine , 
etc. ) . Additionally , when appropriate , human operators may 
override all or a part of the set of instructions and / or 
excavation routine carried out by the on - unit computer 120a . 
[ 0053 ] I.E. General Computer Structure 
[ 0054 ] The on - unit 120a and off - unit 1206 computers may 
be generic or special purpose computers . A simplified 
example of the components of an example computer accord 
ing to one embodiment is illustrated in FIG . 3 . 
[ 0055 ] FIG . 3 is a high - level block diagram illustrating 
physical components of an example off - unit computer 1206 
from FIG . 1 , according to one embodiment . Illustrated is a 
chipset 305 coupled to at least one processor 310. Coupled 
to the chipset 305 is volatile memory 315 , a network adapter 
320 , an input / output ( I / O ) device ( s ) 325 , and a storage 
device 330 representing a non - volatile memory . In one 
implementation , the functionality of the chipset 305 is 
provided by a memory controller 335 and an I / O controller 
340. In another embodiment , the memory 315 is coupled 
directly to the processor 310 instead of the chipset 305. In 
some embodiments , memory 315 includes high - speed ran 
dom access memory ( RAM ) , such as DRAM , SRAM , DDR 
RAM or other random access solid state memory devices . 
[ 0056 ] The storage device 330 is any non - transitory com 
puter - readable storage medium , such as a hard drive , com 
pact disk read - only memory ( CD - ROM ) , DVD , or a solid 
state memory device . The memory 315 holds instructions 
and data used by the processor 310. The I / O controller 340 
is coupled to receive input from the machine controller 150 
and the sensor assembly 110 , as described in FIG . 1 , and 
displays data using the I / O devices 345. The I / O device 345 
may be a touch input surface ( capacitive or otherwise ) , a 
mouse , track ball , or other type of pointing device , a 
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and / or virtual private networks ( VPNs ) . In another embodi 
ment , the entities can use custom and / or dedicated data 
communications technologies instead of , or in addition to , 
the ones described above . 

II . Site and Routine Overview 

keyboard , or another form of input device . The network 
adapter 320 couples the off - unit computer 120b to the 
network 105 . 
[ 0057 ] As is known in the art , a computer 120 can have 
different and / or other components than those shown in FIG . 
2. In addition , the computer 120 can lack certain illustrated 
components . In one embodiment , a computer 120 acting as 
server may lack a dedicated I / O device 345. Moreover , the 
storage device 330 can be local and / or remote from the 
computer 120 ( such as embodied within a storage area 
network ( SAN ) ) , and , in one embodiment , the storage 
device 330 is not a CD - ROM device or a DVD device . 
[ 0058 ] Generally , the exact physical components used in 
the on - unit 120a and off - unit 120b computers will vary . For 
example , the on - unit computer 120a will be communica 
tively coupled to the controller 150 and sensor assembly 110 
differently than the off - unit computer 120b . 
[ 0059 ] Typically the off - unit computer 120b will be a 
server class system that uses powerful processors , large 
memory , and faster network components compared to the 
on - unit computer 120a , however this is not necessarily the 
case . Such a server computer typically has large secondary 
storage , for example , using a RAID ( redundant array of 
independent disks ) array and / or by establishing a relation 
ship with an independent content delivery network ( CDN ) 
contracted to store , exchange and transmit data such as the 
asthma notifications contemplated above . Additionally , the 
computing system includes an operating system , for 
example , a UNIX operating system , LINUX operating sys 
tem , or a WINDOWS operating system . The operating 
system manages the hardware and software resources of the 
off - unit computer 120b and also provides various services , 
for example , process management , input / output of data , 
management of peripheral devices , and so on . The operating 
system provides various functions for managing files stored 
on a device , for example , creating a new file , moving or 
copying files , transferring files to a remote system , and so 

[ 0063 ] FIG . 4 illustrates an example coordinate space in 
which an excavation vehicle carries out an excavation 
routine in a dig site 402 , according to an embodiment . FIG . 
4 may be a visual representation of the coordinate space 
from a digital file detailing the excavation routine . In this 
example , the excavation routine includes a planned excava 
tion of a hole and the area surrounding the hole . In the digital 
file , the site 402 is represented as bounded by the site 
boundary 404. The digital file further includes data describ 
ing the location of a hole 406 , a ramp 408 , and a dump pile 
410. The hole 406 , bounded by the hole boundary 412 , refers 
to a location within the site where the excavation vehicle 115 
within the site where the excavation vehicle 115 will per 
form the excavation routine described by the set of instruc 
tions . The ramp 408 refers to a graded pathway over which 
the excavation vehicle 115 may traverse to enter / exit the 
hole 406. In some implementations , a ramp 408 may also be 
implemented at the site boundary for the excavation vehicle 
115 to enter the site 406. The boundaries of the ramp 408 are 
represented as ramp edges 414. Similar to the hole 406 , the 
dump pile 410 , bounded by the dump pile boundary 416 , 
refers to a location within the site where the excavation 
vehicle 115 releases excavated earth held in the tool . As 
described herein , earth refers to the ground material and 
composition of a site , for example , soil , dirt , and gravel . 
[ 0064 ] Walking through an example hypothetical excava 
tion routine for purpose of discussing the concepts intro 
duced in FIG . 4 , in one such routine the excavation vehicle 
115 travels over the ramp 408 to enter the site 402 or the hole 
406. Once in the hole 406 , the excavation vehicle 115 
executes one or more target tool paths , describing a plurality 
of routes for the excavation vehicle 115 and / or the excava 
tion tool 170 to follow in order to excavate the site . Further 
details regarding target tool paths are described ow in 
reference to FIG . 6. The excavation vehicle 115 enters the 
hole 406 at a default tool height 420. Following the set of 
instructions received from the computers 120 , the excava 
tion vehicle 115 follows the first target tool path 422 and 
adjusts 424 the tool to a grade position to grade the ground 
surface at a shallow depth . At the conclusion of the grading 
routine , the excavation vehicle 115 continues along the first 
target tool path 422 and adjusts 426 the tool to a dig position 
at a deeper depth below the ground surface than the grade 
position . After executing the digging routine , the excavation 
vehicle 115 adjusts 428 the tool to a check position to 
execute a volume check routine . From the volume check 
routine , the excavation vehicle 115 determines that the 
volume of earth in the tool is sufficient to be dumped , the 
excavation vehicle 115 navigates to the dump pile 410 and 
dumps 430 the contents of the tool . After dumping the 
contents of the tool , the excavation vehicle 115 returns 432 
the tool to the dig position and proceeds to conclude the first 
target tool path 422 . 
[ 0065 ] Excavating the hole 406 may involve multiple 
target tool paths , so at the conclusion of a first , shallower 
target tool path 422 , the excavation vehicle 115 resets 434 
the tool to the grade position follows a second , deeper target 
tool path 436 and adjusts 438 the tool to a second dig 

on . 

[ 0060 ] As is known in the art , the computer 120 is adapted 
to execute computer program modules for providing func 
tionality described herein . A module can be implemented in 
hardware , firmware , and / or software . In one embodiment , 
program modules are stored on the storage device 330 , 
loaded into the memory 315 , and executed by the processor 
310 . 
[ 0061 ] I.F. Network 
[ 0062 ] The network 105 represents the various wired and 
wireless communication pathways between the computers 
120 , the sensor assembly 110 , and the excavation vehicle 
115. Network 105 uses standard Internet communications 
technologies and / or protocols . Thus , the network 105 can 
include links using technologies such as Ethernet , IEEE 
802.11 , integrated services digital network ( ISDN ) , asyn 
chronous transfer mode ( ATM ) , etc. Similarly , the network 
ing protocols used on the network 150 can include the 
transmission control protocol / Internet protocol ( TCP / IP ) , 
the hypertext transport protocol ( HTTP ) , the simple mail 
transfer protocol ( SMTP ) , the file transfer protocol ( FTP ) , 
etc. The data exchanged over the network 105F can be 
represented using technologies and / or formats including the 
hypertext markup language ( HTML ) , the extensible markup 
language ( XML ) , etc. In addition , all or some links can be 
encrypted using conventional encryption technologies such 
as the secure sockets layer ( SSL ) , Secure HTTP ( HTTPS ) 
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position to dig at that second , greater depth . The excavation 
vehicle 115 then follows the same process outlined above , 
adjusting 440 the tool to the same ( or a different ) check 
position , dumping 430 the contents of the tool , and returning 
442 the tool to the second dig position . Further details 
regarding the digital file , grading routines , and digging 
routines are described below in reference to FIG . 6-8 . 
[ 0066 ] FIG . 5 is a diagram of the system architecture for 
the control logic 500 of an excavation vehicle 115 , according 
to an embodiment . The control logic 500 is implemented by 
software within the on - unit computer 120a and is executed 
by providing inputs to the controller 150 to control the 
control inputs of the vehicle 115 such as the joystick . The 
system architecture of the control logic 500 comprises a 
navigation module 510 , a preparation module 520 , an earth 
removal module 530 , a volume check module 540 , and a soil 
property module 550. In other embodiments , the control 
logic 500 may include more or fewer modules . Functionality 
indicated as being performed by a particular module may be 
performed by other modules instead . 
[ 0067 ] The navigation module 510 is responsible for pro 
viding mapping and orientation instructions to the drivetrain 
210 of the excavation vehicle 115 , allowing the vehicle to 
navigate through the coordinate space of the site and along 
the target tool paths within the hole . The preparation module 
520 creates and / or converts the digital file describing the 
target state of the site into a set of target tool paths describing 
the excavation of the hole , along with any other instructions 
needed to carry out the excavation routine such as naviga 
tion between the target tool paths and the dump site . The 
earth removal module 530 executes instructions to perform 
digging routines in order to physically excavate earth from 
the hole . The volume check module 540 measures the 
volume of earth within the tool and makes a determination 
regarding whether or not the excavation vehicle 115 should 
release the contents of the tool or continue excavating the 
hole . The soil property module 550 uses the sensor assembly 
110 to record data describing the earth surround the exca 
vation vehicle 115 , extrapolates properties of the earth , and 
considers those properties when proceeding with the exca 
vation routine . 

or more two or three dimensional points . The digital file may 
also include data describing how the excavation vehicle 115 
ought to interact with each location discussed in the digital 
file . The digital files stored in the digital file store 610 may 
also include a digital file representing a target state of the site 
once all excavation has been completed . Digital files may be 
constructed using known computer programs and file types , 
such as a Computer Aided Design ( CAD ) file or a Building 
Information Modeling ( BIM ) file . 
[ 0070 ] For example , the hole may be characterized by a set 
of target volume dimensions which should be achieved upon 
the conclusion of the excavation routine . At a boundary of 
the hole , the digital file may also include a ramp . Geometri 
cally , the width of the ramp is generally greater than the 
maximum width of the combination of the excavation 
vehicle 115 and the tool . The location of the dump pile may 
be extracted from the digital file or received manually from 
a human operator . Alternatively , the location of the dump 
pile within the site may be based on the estimated maximum 
size of the dump pile and a specified relative distance 
between the dump pile and the hole and other equipment in 
the site . The placement of the dump pile is based on several 
considerations including : the risk of excavated earth caving 
in above the hole , the volume of excavated earth required to 
form the planned hole , the estimated compaction factor of 
the excavated earth , and the estimated swell factor of the 
excavated earth . 
[ 0071 ] When appropriate , the digital file may also describe 
the location of fiducials representing technical pieces of 
equipment previously placed at the site such as stakes with 
active emitters and grade stakes . In alternate instances , the 
locations of the fiducials may be manually input to a 
computer 120 based on the records of a human operator . 
[ 0072 ] A representation of the initial state of the site is 
generated using sensor 170 data , stored within the sensor 
data store 620. As the navigation module 510 maneuvers the 
excavation vehicle 115 through the site , sensors 170 gather 
contextual information on the site which is aggregated into 
a representation of the current state of the site . More 
specifically , spatial sensors 130 record spatial data in the 
form of point cloud representations , imaging sensors 135 
gather imaging data , and depth sensors 145 gather data 
describing relative locations . The recording of contextual 
information is further described below in reference to FIG . 
6B . 
[ 0073 ] The digital mapping module 630 generates digital 
terrain models based on a comparison between the repre 
sentation of the target state of the site , accessed from the 
digital file , and the representation of the initial state of the 
site , accessed from the contextual data . By aligning in the 
coordinate space of the site , the target state of the site with 
the initial state of the site , differences between the two 
representations can be identified by the computer 120. For 
example , the computer 120 may determine a volume of earth 
to be excavated to form the planned hole from the digital file . 
In one embodiment , the two representations ( the digital file 
and the contextual data ) are aligned ( or register ) using the 
known locations of fiducials and other locations within the 
site common to both representations . Position data from a 
position sensor 145 such as a GPS may also be used to 
perform the alignment . Algorithms , such as Iterative Closest 
Point ( ICP ) may be used to align the two representations . 
The boundaries of the sites provided by both representation 
may also be used to perform the alignment . In one embodi 

III . Dig Site Preparation Routine 
[ 0068 ] FIG . 6A is a diagram of the system architecture for 
the preparation module 520 of an on - site or off - unit com 
puter 120 , according to an embodiment . The preparation 
module 520 generates a digital terrain model detailing one or 
more plurality of target tool paths which can be followed by 
the excavation vehicle 115. The system architecture of the 
preparation module 520 comprises a digital file store 610 , a 
sensor data store 620 , a digital mapping module 630 , and a 
target tool path generator 640. In other embodiments , the 
preparation module 520 may include more or fewer mod 
ules . Functionality indicated as being performed by a par 
ticular module may be performed by other modules instead . 
Some of the modules of the preparation module 520 may be 
stored in the control logic module 500 . 
[ 0069 ] The digital file store 610 maintains one or more 
digital files , accessed from a remote database . Digital files 
may be represented as image files describing the geographic 
layout of the site as a function of location within the 
coordinate space of the site , with different images represent 
ing a hole , dump pile , an entry ramp , etc. Geographic 
locations in the coordinate space may be represented as one 
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ment , for every point pair in the actual / target representa 
tions , if the difference in elevation ( e.g. , Z - axis relative to 
the ground plane ) is greater than a threshold , it is multiplied 
by the resolution of the representation to calculate a voxel 
volume , and is then summed together . This can performed at 
multiple points to determine how the two representations 
should be adjusted relative to each other along an axis to 
align them . 
[ 0074 ] The digital terrain model also includes nuanced 
considerations for the excavation of the planned hole such as 
implementing one or more cutbacks and slope backs , as 
described in the received digital file . Cutbacks describe the 
raised surfaces within the planned hole and slope backs 
describe the sloped incline of the boundaries of the planned 
hole . The implemented target tool paths incorporate the 
creation of the one or more cutbacks and slope backs within 
the planned hole . Further , to generate the cutbacks , the tool 
may collect a volume of earth and use one or more sensors 
to obtain a soil cohesion measurement based on the collected 
volume of earth . Based on various soil properties , described 
in further detail below , the computers 120 may access a soil 
cohesion measurement from a remote server . Based on the 
received soil cohesion measurements , the computers 120 
generate one or more geometric parameters describing the 
cutback and incorporate those parameters into the digital 
terrain model . The digital mapping module 630 may also 
receive information describing the potential locations for 
any human operators within the hole and adjusts the geo 
metric parameters for the cutback based on these locations . 
For example , if a human operators will not be entering the 
hole , the cutback angle at that edge is smaller compared to 
if a human is planning on entering the hole . Additionally , the 
digital mapping module 630 receives an estimate of the 
length of time for the site to be excavated and , to prevent 
cave - ins , updates the instructions for the cutback accord 
ingly . 
[ 0075 ] Using the digital terrain model , the target tool path 
generator 640 generates one or more target tool paths for the 
excavation vehicle 115 to move a tool over in order to 
excavate the volume of earth as part of an excavation 
routine . As introduced earlier , tool paths provide geographi 
cal steps and corresponding coordinates for the excavation 
vehicle 115 and / or excavation tool to traverse within the site . 
When the site is represented in the digital terrain model as 
a coordinate space , as described above , a target tool path 
include a set of coordinates within the coordinate space . A 
target tool path may further represents a measure of volume 
relative to the volume of the planned hole . For example , if 
a hole is 4 " wide , 3 " long , and 2 " deep , a single target 
toolpath includes coordinates within the 12 " area of the 
coordinate space and , at each coordinate , places the tool at 
a depth of 2 " in order to excavate the hole using a single 
target tool path . Target tool paths may describe a variety of 
shapes representing a variety of excavation techniques , for 
example substantially rectangular pathways in two dimen 
sions , substantially triangular pathways in two dimensions , 
hyperrectangular pathways in three dimensions , hyperrect 
angular pathways in three dimensions , elliptic pathways in 
two dimensions , hyperelliptic pathways in three dimensions , 
or curved lines along the plane of the ground surface . 
[ 0076 ] Some target tool paths achieve goals other than 
digging . For example , the last target tool path used at the 
conclusion of the excavation of the hole may be referred to 
as a finish tool path , which digs minimal to no volume and 

which is used merely to even the surface of the bottom of the 
dug hole . While moving through the finish tool path , the tool 
excavates less earth from the hole than in previous target 
tool paths by adjusting the depth of the leading edge or the 
angle of the tool beneath the ground surface . To conclude the 
digging routine , the excavation vehicle 115 adjusts a non 
leading edge of the tool and reduces the speed of the drive . 
[ 0077 ] For holes of greater volumes or requiring a graded 
excavation , multiple target tool paths may be implemented 
at different offsets from the finish tool path . For example , if 
three target tool paths are required to excavate a 6 " deep 
hole , the first may be executed at a depth of 3 " , the second 
at a depth 2 " , and the third at a depth of 1 " . As a result , a 
target tool path may represent only a fraction of the volume 
of excavated earth . In one embodiment , the number of target 
tool paths may be calculated by dividing the target depth of 
the hole by the maximum depth that each tool path is capable 
of . In some instances , the maximum depth that each tool 
path is capable of is also defined by the dimensions of the 
tool 175 attached to the excavation vehicle 115. In other 
embodiments , the target tool paths may be manually gen 
erated using the off - unit computer 120b . 
[ 0078 ] Additionally , target tool paths may not describe the 
shape of the hole in three - dimensions , instead removing the 
depth measurement to only specify a two - dimensional path 
way or two - dimensional plane in the three or two dimen 
sional coordinate system . In such instances , the depth 
instructions for how deep to dig with a target tool path may 
be provided for separately in the set of instructions . 
[ 0079 ] Target tool paths are defined based on several 
factors including , but not limited to , the composition of the 
soil , the properties of the tool being used to excavate the 
hole , the properties of the drive system 210 moving the tool , 
and the properties of the excavation vehicle 115. Soil 
composition properties are further described below in ref 
erence in Section IV.D. Example properties of the excava 
tion tool 175 and excavation vehicle 115 include the size of 
the tool , the weight of the excavation tool , and the force 
exerted on the excavation tool 175 in contact with the 
ground surface of the site . 
[ 0080 ] To implement the system architecture of the prepa 
ration module , FIG . 6B shows an example flowchart 
describing the process for a preparation module 520 to 
prepare a digital terrain model of the site , according to an 
embodiment . As described above , a digital file of the site 
detailing planned excavation of a hole and the area sur 
rounding the hole is received 660 by the controller 150 and 
stored within the digital file store 610. In some instances , the 
controller 150 may access these digital files from an off - unit 
computer 120b and subsequently store them in the digital 
file store 610 . 
[ 0081 ] The navigation module 510 navigates 665 within 
the geospatial boundaries defined by the digital file to record 
contextual information describing the current state of the 
site . The navigation of the excavation vehicle 115 within the 
coordinate space of the site is guided by the navigation 
module 510. Contextual information refers to the physical 
landscape of the site and the physical properties of the soil 
within the site . The contextual information , stored in the data 
store 620 , is recorded using the system of sensors , such as 
spatial sensors and imaging sensors . When recording data 
via one or more spatial sensors , the spatial sensors 130 
record one or more photographic images of various portions 
of the site and stitches the recorded images into one or more 



US 2021/0032839 A1 Feb. 4 , 2021 
8 

point clouds of data representing the portions of the site to 
generate 670 a representation of a current physical state of 
the site . Additionally , for each of the recorded images , the 
position and orientation of features within the site are 
recorded and translated into the point cloud representations 
with respect to the coordinate space of the digital file . In 
alternative instances , the sensor assembly 110 uses an imag 
ing sensor 135 to record the contextual information as 
photographic images of portions of the site and , for each of 
those images , stores the associated positions and orienta 
tions of the relevant features within the portion of the site . 
In another implementation , the excavation vehicle 115 
includes sensors and a software assembly that generates a 
digital terrain model of the site using simultaneous local 
ization and mapping ( SLAM ) . 
[ 0082 ] Using the generated representation of a current 
physical state of the site and representation of the target state 
of site to generate 675 a digital terrain model of the site . As 
described earlier , the digital terrain model is generated by 
the digital mapping module 630 by aligning the two repre 
sentations by common features such as physical fiducials 
within the sites or the boundaries of the site . 
[ 0083 ] Using the digital terrain model , the computers 120 
determines 680 the volume of earth to be excavated based on 
the differences between the representation of the current 
state of the site and the target state of the site . More 
specifically , using the digital terrain model , the computers 
120 determine 680 the difference in volume between the two 
representations which translates into the volume of earth to 
be excavated from the hole . Incorporating all the consider 
ations made above , the physical layout of the site , the 
volume of earth to be excavated , and the creation of cut 
backs and slope backs , the computer 120 generates 685 one 
or more target tool paths . Finally , the computers 120 receive 
the digital terrain model , generate , and deliver a set of 
instructions for controlling the tool as it follows the one or 
more target tool paths . 
[ 0084 ] When executed in reverse or in alternative 
sequences , the processes described above and below with 
respect to digging and grading as specific examples may also 
perform other excavation routines including , but not limited 
to , filling , trenching , compacting , aerating , ripping , strip 
ping , spreading , and smoothing . 

[ 0086 ] The digging module 710 executes a digging routine 
to excavate a volume of earth from the planned hole , 
consistent with a provided set of instructions and the target 
tool path . The digging module 710 executes a digging 
routine by accessing the one or more target tool paths of an 
excavation routine , for example as generated by the prepa 
ration module 520 , and moves the tool 175 and / or vehicle 
115 accordingly . The digging module 710 may also continu 
ously or periodically track the position of the tool within the 
coordinate space using information obtained from the posi 
tion sensor 145 . 
[ 0087 ] The grading module 720 executes a variation of the 
digging routine , executed by the digging module 710 to 
grade an excavated surface by lowering the leading edge of 
the tool and maintaining it at a depth shallower than the 
depth of the digging routine . The grade routine may be 
performed prior to , in the middle of , or at the conclusion of 
the digging routine ( e.g. , as a finish target tool path as 
described above ) . Additionally , when grading , the grading 
module 720 may instruct the excavation vehicle 115 to dump 
or push excavated earth into low points within the grade area 
of the hole to smooth out hollowed sections of the hole , not 
prescribed by the target tool path . Filling of such low spots 
may be done by using an excavation tool to release earth in 
the holes or by using a dozer blade to push earth from a high 
point to a low point . 
[ 0088 ] The fill estimate module 730 determines an esti 
mate of the volume of earth in - situ as the tool is moved over 
a distance along the target tool path . The fill estimate module 
730 compares the estimate to a threshold volume of earth . 
When the estimated volume is greater than the threshold 
volume , the fill estimate module 730 halts the digging 
routine and raises the tool above the ground surface and 
executes a check routine to better estimate the amount of 
earth currently in the tool . 
[ 0089 ] The hydraulic distribution module 740 monitors 
and adjusts the distribution of hydraulic pressure from the 
engine that is allocated between the drive system 210 and 
tool 175. The hydraulic distribution module 740 does this in 
response to instructions from another module ( such as the 
digging module 710 ) attempting to carry out the excavation 
routine , as control of the hydraulic pressure dictates the 
actuation of the tool 175 and movement of the vehicle 115 . 
In practice , the digging module 710 may specify some 
device parameter to be maintains , such as the tool 175 
breakout angle , and the hydraulic distribution module 710 
sets the hydraulic distribution between the tool 175 and 
drive system 210 to maintain that breakout angle . The 
breakout angle refers to the threshold angle of the tool at 
which the tool is capable for breaking through the ground 
surface during the digging routine . 
[ 0090 ] IV.A. Digging Routine 
[ 0091 ] In one implementation , the navigation module 510 
moves the tool forward through the hole within the site to 
excavate earth from the hole . The digging module 710 
receives 750 the one or more target tool paths generated by 
the preparation module 520 and positions 752 the leading 
edge of the tool below the ground surface . The depth below 
the ground surface at which the tool is placed is guided by 
the set of instructions received from the controllers 120 . 
[ 0092 ] In addition to defining the height at which the 
leading edge is lowered beneath the ground surface , the set 
of instructions may also instruct the navigation module 510 
how far to move 754 the tool along the target tool path 

IV . Earth Removal Routine 

[ 0085 ] FIG . 7A is a diagram of the system architecture for 
the earth removal module of an excavation vehicle 115 , 
according to an embodiment . The earth removal module 530 
executes a set of instructions for guiding the tool through an 
excavation routine to excavate earth from the hole . The 
instructions cause the controller 150 to control the tool 175 
to be lowered into contact with the ground surface and then 
advanced ( directly or indirectly by moving the entire vehicle 
115 with the drive train 210 ) forward to excavate earth from 
the ground into the tool . The system architecture of the earth 
removal module 530 comprises a digging module 710 , a 
grading module 720 , a fill estimate module 730 , and a 
hydraulic distribution module 740. In other embodiments , 
the earth removal module 530 may include more or fewer 
modules . Functionality indicated as being performed by a 
particular module may be performed by other modules 
instead . Some of the modules of the earth removal module 
530 may be stored in the control logic module 500 . 
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without raising the tool above the ground surface . In order 
to maintain the movement of the tool beneath the ground 
surface , the digging module 710 dynamically adjusts 756 
mechanical conditions of the excavation vehicle 115 includ 
ing , but not limited to , the angle of the tool beneath the 
ground surface , the torque output of the engine system , and 
the true speed of the tool . The angle of the tool beneath the 
ground surface can be adjusted to reduce the rate at which 
the tool collects excavated earth . For example , when the tool 
is angled perpendicular to the flat ground surface , the rate of 
excavation may be at its highest . Alternatively , when the tool 
is angled parallel to the flat ground surface , the rate of 
excavation may be at its lowest . Additionally , at lower 
speeds , the tool is generally often better able to maintain the 
angle optimal for excavating earth . 
[ 0093 ] While moving through the excavation routine for 
the planned hole , the digging module 710 tracks 758 the 
position and orientation of the tool within the coordinate 
system using the position sensors 145 physically mounted 
on the excavation vehicle 115 as described above in refer 
ence to FIG . 3A - 3B . The orientation of tool , described in 
reference to the angle of the tool relative to a reference 
orientation , is recorded using one or more position sensors 
145. Examples of reference orientations include the ground 
surface , a gravity vector , or a target tool path . As the tool is 
moved along the target tool path , the soil may push the 
leading edge to a neutral to the angle of the reference 
orientation , at which point the tool is raised above the 
ground surface . 
[ 0094 ] To track 758 the positioning of tool beneath the 
ground surface , the digging module 710 may utilize several 
methods to record the relative position of the leading edge 
within the coordinate space of the digital terrain model of the 
site . In some implementations , the relative position of the 
leading edge is recorded relative to the position of the 
excavation vehicle within the site . Examples of the methods 
used to track the relative position of the leading edge 
include , but are not limited to , using a global positioning 
system mounted to the tool , using an measurement sensor 
mounted to the excavation tool 175 , using a linear encoder 
mounted to the excavation vehicle 115 , measuring the pres 
sure on the hydraulic system controlling the tool , using a 
spatial sensor mounted to the excavation vehicle 115. Addi 
tionally , the digging module 710 may use a sensor ( such as 
a measurement sensor ) mounted to the excavation vehicle 
115 to measure the relative position of the tool and convert 
that measurement into an absolute position using a lookup 
table stored by the computers 120 or by using forward 
kinematics characteristic of the excavation tool and the soil 
composition surrounding the site . The sensor assembly 105 
may also measure the quantity of earth in the bucket or the 
quantity of earth remaining in the site , and use that infor 
mation along with information from the digital terrain model 
to determine the absolute position as a function of the 
amount of earth removed / remaining . 
[ 0095 ] As the tool moves along a target tool path , soil 
friction and soil composition factors may result in tool 
deviating from the target tool path , creating an actual tool 
path that was travelled by the tool 175 or vehicle 115 . 
Because of the deviation between the target tool path and the 
actual tool path , the actual tool path is associated with a 
different set of coordinates within the coordinate space than 
those associated with the target tool path . In one embodi 
ment , the digging module 710 repeats 760 the same target 

tool path until a deviation between the target tool path and 
the actual tool path is less than a threshold deviation , or until 
some other outcome is achieved , such as a threshold amount 
of earth is removed . Alternatively , if the deviation between 
the target tool path and the actual tool path is below a 
threshold deviation , the excavation tool executes the next 
portion of the excavation routine which may be a check 
routine , a dump routine , or second ( e.g. , deeper ) target tool 
path . Periodically while moving through the actual tool path , 
the digging module 710 updates the tool fill level and 
records the speed of both the tool and the drive system . 
Based on these recorded considerations , the digging module 
710 either continues to move the tool through the earth or 
exits the digging routine to execute a check routine . With the 
conclusion of an actual tool path , the controller 150 may 
update the tool fill level , before continuing with the exca 
vation routine for the planned hole . 
[ 0096 ] The digging module 710 can also determine that 
the target tool path is obstructed by one or more obstacles , 
for example rocks , trees , roots , wooden beams , buried 
pipelines , cables , pieces of concrete , asphalt , and steel . 
Determinations regarding the presence of obstacles along 
the tool path are made based on occurrence of one or more 
of a set of conditions , including , but not limited to , an engine 
load greater than the target engine load , a ground speed 
lower than the minimum ground speed , and a tool angle 
lower than a target tool angle . These inputs may be received 
by the sensors 170 and passed to the on - unit computer 120a 
for evaluation by the digging module 710 . 
[ 0097 ] When an obstruction is determined to be within the 
target tool path , the digging module 710 may store the 
geospatial location of the obstacle , for example a current 
location of the vehicle 115 as provided by the position sensor 
145 , execute a dump routine to release earth from the tool , 
and return to the location of the obstacle within the site to 
execute a break routine to hopefully break up and / or remove 
the object . 
[ 0098 ] Break routines , in one embodiment , include 
instructions to the controller to repetitively drive the leading 
edge of the tool downward into the earth around the location 
of the obstacle , running the leading edge of the tool over the 
location of the detected obstacle to " scrape ” or loosen this 
earth , and activating an alternate tool ( not shown ) to break 
down the obstacle . In another embodiment , after determin 
ing that an obstacle lies within the target tool path , the earth 
removal module 530 may halt the digging routine until a 
human operator can manually operate this 115 or another 
excavation vehicle to remove the object . 
[ 0099 ] IV.B. Grading Routine 
[ 0100 ] In addition to finishing target tool paths and pos 
sibly separately from a digging routine , the grading module 
720 may execute a grading routine to perform grading tasks . 
A grading routing may , for example , include moving the tool 
forward through the hole to grade the ground surface of the 
hole , where the tool is set at a shallow or zero depth position 
relative to the aggregate or average ground plane . At such a 
shallow depth , the tool requires less forward force from the 
drive system 210 to move the tool forward than when the 
tool is lowered to a greater , digging - oriented depth . This 
allows the excavation vehicle 115 to be fitted with a tool 
suited to grading , such as a tool of greater volume relative 
to a digging routine oriented tool , which would be able to 
hold a greater amount of earth within the mechanical and 
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hydraulic constraints of the excavation vehicle 115 and 
while also requiring fewer dump routines for dumping 
excess graded earth . 
[ 0101 ] FIG . 7C shows a flowchart describing the process 
for an excavation vehicle 115 to grade a surface using a 
grading routine . The grading module 720 receives 764 a 
target tool path and the set of instructions describing the 
grading routine and lowers 766 the tool to a grading depth 
at or beneath the ground surface , and maintains 768 the tool 
at this shallow to zero depth to grade 770 along the target 
tool path . Grading of the ground surface may result in an 
uneven ground surface when the tool moves in a first 
direction , so the grading module 720 may further cause the 
tool to be moved in a reverse 772 direction , and possibility 
additional one or more further times over the coordinates 
previously graded . Once the grading has been completed 
based on a set of target conditions included in the set of 
instructions , the grading module 720 may repeat 774 the 
grading process at various tool offsets further excavate or 
grade areas of the site as needed . 
[ 0102 ] IV.C. Fill Level Estimate Routine 
[ 0103 ] Prior to executing a check routine and going to the 
trouble of interrupting a target tool path execution and 
raising the tool above the ground surface , a digging routine 
may include executing a fill estimate routine by estimating 
the tool fill level without interrupting the movement of the 
tool within the target tool path . FIG . 7D shows a flowchart 
describing the process for the fill estimate module 530 to 
execute a fill estimate routine , according to an embodiment . 
[ 0104 ] The fill estimate module 730 estimates 776 a fill 
level of the tool using any one or more of a number of 
techniques . The fill level of the tool describes the volume of 
earth in the tool . One technique estimates the volume by 
mathematically integrating the depth of the leading edge 
beneath the ground surface over the distance traveled by the 
tool over the target tool path . In another technique , the fill 
estimate module 730 uses the point cloud representation of 
the current state of the site gathered using one or more 
spatial sensors to determine a pre - excavation volume of 
earth in the hole and accesses , from the computers 120 or a 
remote server , a swell factor of the earth relating the volume 
of earth in the tool to the pre - excavation volume of earth in 
the hole . Using the pre - excavation volume of earth in the 
hole and the swell factor characteristic of the earth , the fill 
estimate module 730 may estimate the volume of earth in the 
tool . In another technique , the fill estimate module 730 uses 
the sensor assembly 105 to measure the quantity of earth 
accumulated in front of the leading edge of the tool while the 
tool is in the position set by the currently - in - progress target 
tool path . The fill estimate module 730 may also use 
measurement sensors to measure the force of earth acting on 
the tool beneath the surface and adjust the angle of the tool 
to estimate the fill level of the tool . 
[ 0105 ] As another technique , the fill estimate module 730 
may access 778 a previously trained prediction model that is 
capable of receiving as input the distance traveled by the tool 
along with other parameters of the vehicle 116 and excava 
tion routine and outputting an estimated amount of earth in 
the tool . These other parameters include , but are not limited 
to , any sensor value , the tool type and width , the vehicle 
type , and the depth of the leading edge of the tool below the 
ground surface during the target tool path . The trained 
prediction model may further be capable of generating a 
trend line that extrapolates tool fill level as a function of 

distance traveled , which may in turn be used to generate an 
estimate when to initiate a check or dump routine . Alter 
nately , the prediction model may generate such an estimate 
directly . 
[ 0106 ] The fill estimate module 730 compares 780 the fill 
estimate to a threshold volume . The threshold volume may 
be the maximum available volume of the tool , a volume set 
manually by a human operator , a volume set by a calibration 
procedure using the tool in an empty state , or another 
volume . 
[ 0107 ] When the estimated volume is greater than the 
threshold volume , the excavation vehicle measures the angle 
of the tool beneath the ground surface , adjusts the angle of 
tool towards the breakout angle , and raises the tool above the 
ground surface . Alternatively , when the estimated volume is 
less than the threshold volume , the fill estimate module 730 
may simply continue the digging routine . However , in one 
implementation the fill estimate module 730 calculates 782 
the remaining distance for the tool to traverse in order to be 
filled at maximum capacity using a trend line generated by 
the prediction model . Based on the available volume in the 
tool , the trend line is inputted into the prediction model to 
determine the remainder distance on the target tool path that 
the tool needs to travel to be filled at maximum capacity . 
[ 0108 ] As previously described , in some implementations 
the fill estimate module 730 measures the quantity of earth 
accumulated in front of the leading edge . When the mea 
sured quantity of earth is above a threshold quantity , the 
excavation vehicle raises the tool above the ground surface . 
Similarly , the fill estimate module 730 may measure the 
force of earth acting on the tool beneath the ground surface 
and , when the measured force of earth is above a threshold 
quantity , the excavation vehicle raise the tool above the 
ground surface . 
[ 0109 ] After calculating the remaining distance to be 
traveled , the fill estimate module 730 traverses 784 the 
remaining distance and estimates 786 a new volume of earth 
in the tool . As with the previous volume estimate , the 
updated volume estimate is compared 788 to the threshold 
volume . This process may be repeated multiple times . When 
the estimated volume is greater than the threshold volume , 
the controller 150 executes a dump routine and releases 790 
earth from the excavation tool . The dump routine is further 
described below in reference to FIG . 8A - 8B . 
[ 0110 ] Alternatively , the controller fill level estimate mod 
ule 730 estimates the volume in the tool to be below a 
threshold value and repeats the target tool path without 
calculating a remaining distance . The tool fill level may be 
periodically measured and the target tool path may be 
repeated until the updated volume estimate is greater than 
the threshold volume . 
[ 0111 ] IV.D. Hydraulic Distribution Adjustment 
[ 0112 ] Maintaining the tool at a desired angle or depth 
through the carrying out of a target tool path is a non - trivial 
task , and the hydraulic distribution module 740 is configured 
to adjust the hydraulic capacity allocated to the drive system 
and tool path dynamically to control the controller 150 in 
achieving the target tool path . Generally , the excavation 
vehicle only has sufficient hydraulic pressure to power a 
single system at full capacity . As a result , both the drive and 
tool systems may be powered equivalently at half capacity . 
However , if , based on soil friction , forces , speeds , tool 
angles , or other conditions , the angle and depth of the tool 
cannot be maintained at half capacity , the hydraulic distri 
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bution module 740 may redistribute the hydraulic pressure 
within the system to favor the tool over the drive system 
( e.g. , 75 % -25 % distribution , or otherwise ) . The calibration 
for the hydraulic system may be performed by observing 
joystick manipulations within the excavation vehicle and 
recording the changes in pressure distribution . The remain 
der of this section describes a number of example operating 
conditions that can trigger hydraulic pressure adjustments 
and what those adjustments are . 
[ 0113 ] In moving the tool through the target tool path , the 
hydraulic distribution module 740 measures the speed of the 
tool and compares it to a target speed . The target speed refers 
to the speed that the drive system 210 is traveling . This may 
be calculated based on the knowledge of the earth of the site 
exhibiting an industry standard soil friction or a soil friction 
determined specifically for the excavation vehicle 115 , site , 
or even specific target tool path being executed . If the 
measured speed is lower than the target speed , the hydraulic 
distribution module 740 may determine that the soil friction 
( or force of soil exerted on the tool ) is greater than expected , 
and adjusts the distribution of hydraulic pressure between 
the drive system and the tool to favor the tool to reduce the 
increase the speed of the tool . While this may be accom 
plished in some instances by increasing the amount of 
hydraulic pressure capacity allocated to the drive system , the 
amount of hydraulic capacity available is finite and so this 
is not always a viable solution . Often , greater than expected 
soil friction is due to the tool being too deep ( or angled along 
a path proceeding downward ) , thus generating more friction 
and often causing the tool to fall off the target tool path . To 
compensate , the hydraulic distribution module 740 may 
adjust the tool to a shallower depth or angle , which will 
accomplish reducing the soil friction and raising tool speed . 
This process may play out in reverse for a tool speed greater 
than expected , which may be adjusted by lowering the tool 
or setting it at a deeper angle . 
[ 0114 ] The maintenance of the hydraulic capacity in this 
manner and as described elsewhere herein prevents the 
excavation from stalling during the excavation routine or 
from complications regarding raising the excavation tool 
above the ground surface . In one embodiment , to further 
maintain sufficient hydraulic capacity for it to be possible to 
make adjustments to the position and orientation of the tool 
during the digging routine , the hydraulic distribution module 
740 maintains hydraulic pressure within the hydraulic sys 
tem below a threshold 90 % of the maximum hydraulic 
pressure capacity . 
[ 0115 ] A breakout event and corresponding breakout angle 
may be recorded as a result of the tool naturally breaking 
through the ground surface during the digging routine . At 
speeds above the target speed and / or at forces above the 
threshold force , the tool is unable to collect earth and break 
out of the ground surface . Similarly , at speeds below the 
target speed and forces below the threshold force , the tool 
inefficiently collects earth . Breakouts and the speeds and 
forces that cause them are addressed by module 740 to 
resume digging if they do occur and hopefully reduce their 
occurrence overall . This may involve the hydraulic distri 
bution module 740 measuring the force of earth on the tool 
and adjusting the distribution of pressure so that the tool 
angle has sufficient hydraulic pressure to be adjusted 
beneath the ground surface . The tool may be lowered or 
angled downward to dig more deeply in cases of high 
speed / low force , and angled upward / raised to dig more 

shallowly in cases of low speed / high force . Additionally , as 
the tool moves through the target tool path and collects earth , 
the excavation vehicle may continuously adjusts the angle of 
the tool and if the tool eventually breaks out of the ground 
surface , the excavation vehicle 115 records the breakout 
angle and may voluntarily opt to execute the volume check 
routine rather than resuming digging . 
[ 0116 ] In advance of breakout occurring , the digging 
module 710 may also calculate the expected breakout angle 
based on the soil composition properties for the earth within 
the hole . Soil composition properties are further described 
below . During some digging routines , the breakout angle 
may be established as the minimum angle of the tool at rest 
during the digging routine . In one implementation , the 
breakout angle is established as inversely proportional to the 
soil cohesion measurement . In order to achieve the breakout 
angle as the tool is raised above the ground surface , the 
hydraulic distribution module 740 adjusts the distribution of 
hydraulic pressure between the drive system 210 and the 
tool 175 by monitoring engine load or line pressure sensors 
in the hydraulic system and dynamically adjusting power 
output commands to the drivetrain and to the tool actuators . 
[ 0117 ] In another implementation , the difference in the set 
of coordinates for the actual tool path and the target tool path 
is greater than a threshold difference , the distribution of 
hydraulic pressure is adjusted to lower or raise the tool at a 
greater or lesser depth below the ground surface to better 
match the target tool path . 
[ 0118 ] Additionally , the hydraulic distribution module 740 
may use the received set of instructions to maintain the 
hydraulic capacity of the hydraulic system and decrease the 
target speed of the drive system 210 by adjusting the 
distribution of hydraulic pressures . A decrease in target 
speed results in a reduction of the overall hydraulic pressure 
in the hydraulic system , thereby ensuring sufficient scope in 
the hydraulic system to adjust the position and orientation of 
the tool and with minimal delay during the digging routine . 
For example , if the hydraulic pressure within the system is 
98 % of the maximum hydraulic pressure , exceeding the 
threshold hydraulic pressure , the hydraulic distribution mod 
ule 740 can reduce the target speed of the excavation vehicle 
115 by dynamically executing instructions to divert hydrau 
lic pressure from the drivetrain to the set of tool actuators . 
By redistributing hydraulic pressure away from the certain 
components of engine system and towards other components 
of the engine system , the hydraulic distribution module 740 
can prioritize certain excavation functions and maintain high 
excavation efficiency by the tool and excavation vehicle 115 . 
[ 0119 ] IV.E. Volume Check Routine 
[ 0120 ] FIG . SA is a diagram of the system architecture for 
the volume check module 540 of an excavation vehicle 115 , 
according to an embodiment . The volume check module 540 
executes a set of instructions for measuring the volume of 
earth in the tool once raised above the ground surface and 
determining whether to continue moving the tool along the 
target tool path or to perform a dump routine of the earth 
within the tool . The system architecture of the volume check 
module 540 comprises a current volume representation 
generator 810 and a volume comparison module 820. In 
other embodiments , the volume check module 540 may 
include more or fewer modules . Functionality indicated as 
being performed by a particular module may be performed 
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by other modules instead . Some of the modules of the 
volume check module 540 may be stored in the control logic 
module 500 . 

[ 0121 ] At a high level , the volume comparison module 
820 compares a representation of the current fill state of the 
tool ( e.g. , in image or point cloud form ) and an empty 
representation of the tool ( in a comparable form ) to deter 
mine the volume of earth within the tool . The empty 
representation of the tool may be generated during an off - run 
calibration procedure and stored in a memory of the com 
puter for access and use as part of the check routine . 
Alternatively , the empty representation may be provided to 
the volume comparison module 820 manually by a human 
operator . 
[ 0122 ] To accomplish this , the current volume represen 
tation generator 810 uses data recorded by the sensors of the 
sensor array 110 to generate a current representation of the 
fill state of the tool . The implemented sensors may include 
an imaging sensor , a spatial sensor , or some combination of 
the two sensors and the data describing the fill state of the 
tool may be represented as a point cloud or as image / s . To 
record the data , the volume check module 540 adjusts the 
tool to a measuring position at a height in the field of view 
of the one or more sensors . For example , the volume check 
module 540 can raise and tilt the tool to bring the interior 
volume of the tool into the field of view of the set of sensors . 
The volume check module 540 may confirm that the tool is 
in the measuring position by sampling data from the position 
sensors 145 mounted directly on the excavation tool 175 or 
within the hydraulic system . The volume check module 540 
may also confirm that the tool is in the measuring position 
by analyzing images recorded by a system of depth and 
imaging cameras mounted to the excavation vehicle 115. If 
the distribution of earth within the tool is uneven , the check 
routine instructions may cause the volume check module 
540 to shake the tool one or more times to achieve a more 
uniform distribution of the earth inside . 

[ 0123 ] To determine the position of tool within the three 
dimensional coordinate space , the current volume represen 
tation generator 810 may use the sensors 170 by measuring 
the quantity of earth in the tool and referencing a parametric 
model or lookup table to determine the position of the tool 
in the coordinate space . Lookup tables are generated by 
measuring the output of a sensors at various positions of the 
tool and correlating the two conditions . For example , at a 
depth of 1 meter , the tool is located at a position 4 meters 
perpendicular to the ground . The correlation between a 
depth measurement of 1 meter and a position measurement 
of 4 meters is stored within the lookup table . The referenced 
lookup table may differ depending on the type of sensor used 
and the format of the output provided . The current volume 
representation generator 810 may receive outputs from 
multiple sensors facing distinct regions of the interior of the 
tool . 
[ 0124 ] Next , the current volume representation generator 
810 generates a representation of the amount of earth 
currently in the tool based on the position of the tool within 
the coordinate space and the output of the sensor using one 
or more soil composition properties , for example the den 
sities , sizes , shapes , and colors of the particles of the earth 
in the tool . The soil property module 550 analyzes data 
captured by the sensors 170 to determine the soil composi 
tion of the excavated earth within the tool . 

[ 0125 ] In addition to the representation of the amount of 
earth in the tool , the excavation tool also accesses an empty 
representation of the tool calibrated prior to the execution of 
the digging routine . To calibrate the empty representation of 
the tool , the empty tool is adjusted to multiple heights and 
angles above the ground surface . For each of the heights and 
angles , the current volume representation generator 810 uses 
a sensor to record data describing the available volume 
within the empty tool . As described earlier , the recorded data 
and the respective height and angle measurements are stored 
in a lookup table to be referenced by the excavation vehicle 
115. Depending on the sensor used to record the data , the 
contents of the lookup table may differ , for example a lookup 
table generated using a spatial sensor 130 includes a point 
cloud representation of the empty tool at various heights 
whereas a lookup table generated using an measurement 
sensor 125 includes a volume measurement of the empty 
tool at various heights . 
[ 0126 ] FIG . 8B shows a flowchart describing an alternate 
implementation for an volume check module 540 to execute 
a volume check routine . The current volume representation 
generator 810 generates 850 the representation of the 
amount of earth in the tool using a sensor , for example a 
spatial sensor 130 , to output a three - dimensional represen 
tation of the current state of the ground surface . As with the 
previous implementation , the volume comparison module 
820 accesses 855 the digital file describing the expected 
state of the site . Using the digital file and the representation 
of the current state to describe the amount of earth excavated 
from the hole , the volume comparison module 820 deter 
mines 860 a volume difference between the two represen 
tations describing the volume of earth within the tool . When 
comparing 865 the determined volume difference to a 
threshold difference , if the volume difference is less than a 
threshold difference , the volume check module 540 readjusts 
and maintains the leading edge of the tool beneath the 
ground surface to adjust the angle of the tool and reiterates 
870 over the target tool path . Alternatively , if the volume 
difference is greater than a threshold difference , the topsoil 
identification module 910 distinguishes 875 between the 
layer of topsoil and the layer of subsoil . Further details 
regarding the topsoil identification module are described 
below in Section IV.G. Based on the identified layer of soil 
of the earth within the tool , the volume check module 540 
empties 880 the earth from the volume tool at corresponding 
dump location . 
[ 0127 ] In an additional implementation , the volume check 
module 540 records the output of a sensor , for example a 
linear encoder , a radial encoder , and a hydraulic pressure 
sensor , and determines the distance between the sensor and 
the tool . Using the determined distance , the current volume 
representation generator 810 generates a representation of 
the current state of the surface . The remaining steps are 
executed by the volume comparison module 820 and the 
topsoil identification module 910 as described above . 
[ 0128 ] IV.G. Soil Layer Analysis 
[ 0129 ] The topsoil identification module 910 is further 
configured to be able to access a set of properties describing 
the layer of topsoil and a set of soil composition properties 
describing the layer of subsoil , for example the density of 
the earth in the tool , the cohesion of the earth in the tool , the 
particle size of the earth in the tool , or the color of the 
particles of earth in the tool . The topsoil identification 
module 910 , distinguishes topsoil excavated during a first 
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set of target tool paths from subsoil excavated during a set 
of subsequent target tool path based on changes in the soil 
composition properties described above . After executing the 
set of instructions for the topsoil excavation routine , the 
topsoil identification module 910 determines that the entire 
layer of topsoil has been removed and transitions to execut 
ing a set of instructions for the subsoil excavation routine . 
[ 0130 ] Topsoil and subsoil excavation routines may vary 
in a variety of ways , including but not limited to the speed 
or depth of digging for incumbent target tool paths , the 
location of the dump site , and so on . 
[ 0131 ] When releasing earth from the tool , the volume 
check module 540 may release excavated earth from the 
topsoil layer at a top - soil specific dump pile and then 
automatically transition to release excavated earth from the 
subsoil layer at a sub - soil specific dump pile . The volume 
check module 540 may selectively release earth within tool 
at various dump piles based on various soil composition 
properties or ranges in soil composition properties and 
selectively retrieve earth from specific piles when backfill 
ing sections of the hole . In another implementation , the 
volume check module 540 can maintain a single dump pile 
by releasing topsoil in a first direction and releasing subsoil 
in a second direction . When backfilling the hole , the volume 
check module 540 may retrieve earth from the dump pile 
based on the direction at which it was released . 
[ 0132 ] IV.H. Updating the Predictive Model 
[ 0133 ] The volume check module 540 may update the 
predictive excavation model based on data collected before , 
during , or after the completion of a target tool path to guide 
the movement of the excavation vehicle 115 within the site 
during any additional target tool paths . For example , the 
volume check module 540 can update the trained predictive 
model discussed above with data with collected during the 
completed target tool path and implement the updated pre 
dictive model to determine the horizontal distance that the 
tool must travel , at a known depth below the ground surface , 
to excavate the remaining amount of earth . The volume 
check module 540 may update the predictive model to define 
a relationship between the depths of the tool below the 
ground surface of the leading edge , the horizontal distance 
traversed by the tool , the amount of earth loaded into the 
tool , the soil composition within the site , and the tool width . 

[ 0135 ] V.A. Loose Earth Properties 
[ 0136 ] The loose earth property module 920 calculates 
earth properties of earth excavated from the hole , for 
example the density of the loose earth , and the loose earth 
property store 930 stores the calculated properties . In one 
implementation , the loose earth property module 920 uses 
the sensors to scan the tool during a check routine to 
calculate the particles size or range of particle sizes of the 
earth within the tool . Using the sensors , the loose earth 
property module 920 may implement various image recog 
nition techniques including , but not limited to , template 
matching , object recognition , edge detection , or other com 
puter vision techniques to identify distinct masses from the 
earth within the tool . The identified masses are correlated 
with known particle classifications , for example mud , sand , 
pebbles , small rocks , and larger rocks based on size , shape , 
and color of these distinct masses . Using the identified 
particles , the navigation module 510 may halt the navigation 
of the tool along the target tool path or prompt a human 
operator to manually move the tool along the target tool 
path . Alternatively , if the particle sizes exceed a maximum 
threshold , the earth removal module 520 switches to an 
alternate digging routine ( e.g. , a grading routine ) at the end 
of the target tool path or in the middle of the target tool path . 
The controller 150 may also alternate to a grading routine in 
response to a high or low estimate of soil cohesion or an 
estimated maximum particle size lower than the tool depth 
during the grading routine . 
[ 0137 ] V.B. In - Situ Earth Properties 
[ 0138 ] The in - situ earth property module 940 calculates 
earth properties for earth within the hole prior to excavation , 
for example the density of the in - situ earth , and the in - situ 
earth property store 950 stores the calculated properties . 
In - situ earth describes earth within the site has not been 
excavated by the tool or earth is not yet within the tool . The 
sensors 170 record data across the hole or locally around the 
location of the target tool path prior to excavation to 
generate a first pre - load representation of the hole and repeat 
the process to generate a second pre - load representation of 
the hole for any subsequent target tool paths . The in - situ 
earth property module 940 can determine the difference 
between the first and second pre - load representations to 
calculate the volumetric change in the hole after the first 
target tool path . The in - situ earth property module 940 
divides the weight of the earth in the tool , measuring using 
the sensor assembly 105 , after the first target tool path to 
calculate the in - situ density of earth in the site . 
[ 0139 ] The in - situ earth property module 940 may esti 
mate the cohesion of excavated earth to be inversely pro 
portional to a difference between the in - site earth density and 
the loose earth density . In another implementation , the in the 
friction ( or adhesion ) of in - situ earth based on a difference 
between the ground speed and wheel speed of the drive 
system 210 over a target tool path at a known orientation of 
the tool , position of the tool , and output torque of the engine 
system . 
[ 0140 ] The in - situ earth property module 940 may imple 
ment similar methods and techniques to calculate texture , 
structure , consistency , and permeability of in - situ earth in 
the hole . Additionally , the in - situ earth property module 940 
may reference a parametric soil type model to identify a type 
of soil using the in - site and loose earth properties of the earth 
within the site . 

V. Soil Property Analysis 
[ 0134 ] FIG . 9 is a diagram of the system architecture for 
the soil property module 550 of an excavation vehicle 115 , 
according to an embodiment . The soil property module 550 
extrapolates earth composition properties from the move 
ment of the tool , the hydraulic distribution of the engine 
system , optical scans , and other data collected by the exca 
vation vehicle 115 during a target tool path and a subsequent 
volume check routine . The system architecture of the soil 
property module 550 comprises a topsoil identification mod 
ule 910 ( described above in Section IV.G ) , a loose earth 
property module 920 , a loose earth property store 930 , an 
in - site earth property module 930 , and an in - site earth 
property store 940. In other embodiments , the soil property 
module 550 may include more or fewer modules . Function 
ality indicated as being performed by a particular module 
may be performed by other modules instead . Some of the 
modules of the soil property module 550 may be stored in 
the control logic module 500 . 
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[ 0141 ] V.C. Wall Cutback Routines 
[ 0142 ] In one implementation ( not shown in FIG . 1-9 ) , the 
preparation module 520 automatically modifies a wall cut 
back angle or a wall step size for the hole , for example as 
stored in the digital file or digital terrain model for the 
excavation routine , based on estimated composition of the 
earth removed from the hole during a digging routine . In 
particular , a requisite draft angle of a hole may be a function 
of one or more soil properties , for example soil type , density , 
particle size , and soil cohesion . As a result , the soil property 
module 550 may track soil properties during each target tool 
path within a digging routine , estimate various properties of 
in - situ and loose earth as described above , pass these soil 
properties into a lookup table or parametric model to cal 
culate a requisite cutback angle for the current or subsequent 
target tool path , and adjust the target geometry of the hole 
based on requisite cutback angles calculated for each target 
tool path . For example , before beginning a digging routine , 
the preparation module 520 implements a conservative 
estimate of soil stability at various depths based on soil type 
data collected from the target tool paths , a soil report 
accessed from a previously excavated site , or soil data 
provided manually by a human operator and generates an 
initial target geometry of the hole with cutback angles 
suitable for the conservative soil stability estimate . The earth 
removal module 520 , then , executes a sequence of target tool 
paths to form a hole according to this initial target geometry . 
[ 0143 ] In some implementations , the controller 150 exca 
vates earth and generates more refined estimates of the 
composition of soil at various depths of the site , the prepa 
ration module 520 calculates steeper cutback angles if the 
earth within the hole is determined to be more stable than 
originally projected and revises the remaining depth of the 
target hole geometry to reflect the steeper cutback angle . 
Alternatively , if the soil property module 550 determines 
that the earth is less stable than originally projected based on 
soil composition , the preparation module 520 can update the 
target geometry of the hole to reflect shallower cutback 
angles and removes earth from the existing walls of the hole 
to expand the footprint of the top hole to meet the final targe 
geometry of the hole . Earth may be removed from the 
existing walls by scraping earth from the walls of the hole 
using the tool . As a result , by adjusting the target geometry 
of the hole to reflect the stability of excavated earth during 
the digging routine , the earth removal module 530 can 
maintain a stable hole while optimizing the total volume of 
earth to be excavated from the hole . The set of instructions 
describing a wall cutback routine also include an estimate of 
the time it will take to complete the excavation routine for 
a site . Routines including a greater number of cutbacks will 
generally result in longer time estimates , all else being 
equal . 
[ 0144 ] The controller 150 may implement closed - loop 
techniques to cut sidewalls of the hole during or at the 
conclusion of a target tool path . For example , to cut a 
sidewall of a hole , the earth removal module 530 lowers the 
leading edge of the tool into the bottom corner of the hole , 
drives the leading edge of the tool relative to the surface of 
the sidewall to maintain an estimate of the tool depth , 
monitors the engine load and line pressure in the hydraulic 
system , and adjusts the elevation speed of the tool and the 
tool angle , as described above . In another implementation , 
the excavation vehicle 115 remains in one location within 
the hole , and the earth removal module 530 repeats the 

process for the same section of the sidewall until a target 
sidewall profile is achieved , and moves to the next section 
of the side wall to repeat the process until the estimated or 
measured amount of earth in the tool exceeds a minimum 
amount . At that time , the navigation module 510 navigates 
to the dump pile and releases the earth within the tool . 
[ 0145 ] V.D. Backfill and Compaction Routines 
[ 0146 ] The on - unit computer 120a may further include 
instruction sets to collect earth from the dump pile and 
backfill voids within the hole during backfill routines . For 
example , once a foundation wall or retaining wall is con 
structed within a hole previously dug by the excavation 
vehicle 115 may retrieve earth from the dump pile and 
dispense the earth between the exterior of the foundation 
wall and the wall of the hole around the foundation wall 
according to the digital file of the site . 
[ 0147 ] After dumping earth into the void during one or a 
sequence of backfill routines , the controller 150 may execute 
a compaction routine to compact this backfilled earth . For 
example , after one or more bucket loads are emptied into the 
hole , the excavation vehicle 115 approaches the hole and the 
controller 150 raises the bucket , orients the bucket with the 
leading edge pointed downward , drives the bucket down 
ward into the earth to compact this backfilled earth , and 
repeats this compaction routine until a sufficient level of 
compaction has been reached . 
[ 0148 ] The controller 150 may implement closed - loop 
controls to control the entry speed of the leading edge of the 
tool as it makes contact with backfilled earth to achieve the 
target compact defined by the digital file or calculated by the 
preparation module 520 based on properties of the backfilled 
earth . Too little compaction of the earth results in the 
backfilled earth slumping , but excessive compaction results 
in the cracking of the adjacent foundation or retaining wall . 
Within these parameters , the preparation module 520 cal 
culates a target compaction to yield less than 2 " of slumping 
over a five - year period based on the density , cohesion , and 
particle size of the loose earth retrieved from the dump pile 
and the depth and breadth of the hole to be filled . The 
calculation of the target compaction may be done using a 
lookup table or a parametric model . 
[ 0149 ] Additionally , the preparation module 520 may 
retrieve a total weight and a leading edge profile , describing 
the number and width of the teeth extending from the 
leading edge of the tool , and calculate an entry speed of the 
bucket and a number of compaction routines to achieve the 
target compaction level as a function of the density of the 
backfilled earth and the density of the compacted earth at the 
target compaction . The controller 150 may distribute the 
calculated number of compaction cycles evenly over back 
filled earth according to the calculated entry speed . The 
controller 150 repeats the process for each of multiple 
backfill levels until the void is filled . The controller 150 may 
also implement any other process or tool , for example a 
vibrator plate compactor , to backfill the hole and compact 
the backfilled earth . 

VI . Additional Considerations 

[ 0150 ] It is to be understood that the figures and descrip 
tions of the present disclosure have been simplified to 
illustrate elements that are relevant for a clear understanding 
of the present disclosure , while eliminating , for the purpose 
of clarity , many other elements found in a typical system . 
Those of ordinary skill in the art may recognize that other 
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elements and / or steps are desirable and / or required in imple 
menting the present disclosure . However , because such 
elements and steps are well known in the art , and because 
they do not facilitate a better understanding of the present 
disclosure , a discussion of such elements and steps is not 
provided herein . The disclosure herein is directed to all such 
variations and modifications to such elements and methods 
known to those skilled in the art . 
[ 0151 ] Some portions of above description describe the 
embodiments in terms of algorithms and symbolic repre 
sentations of operations on information . These algorithmic 
descriptions and representations are commonly used by 
those skilled in the data processing arts to convey the 
substance of their work effectively to others skilled in the 
art . These operations , while described functionally , compu 
tationally , or logically , are understood to be implemented by 
computer programs or equivalent electrical circuits , micro 
code , or the like . Furthermore , it has also proven convenient 
at times , to refer to these arrangements of operations as 
modules , without loss of generality . The described opera 
tions and their associated modules may be embodied in 
software , firmware , hardware , or any combinations thereof . 
[ 0152 ] As used herein any reference to “ one embodiment ” 
or “ an embodiment ” means that a particular element , fea 
ture , structure , or characteristic described in connection with 
the embodiment is included in at least one embodiment . The 
appearances of the phrase " in one embodiment ” in various 
places in the specification are not necessarily all referring to 
the same embodiment . 
[ 0153 ] As used herein , the terms “ comprises , ” “ compris 
ing , ” “ includes , ” “ including , ” “ has , ” “ having ” or any other 
variation thereof , are intended to cover a non - exclusive 
inclusion . For example , a process , method , article , or appa 
ratus that comprises a list of elements is not necessarily 
limited to only those elements but may include other ele 
ments not expressly listed or inherent to such process , 
method , article , or apparatus . Further , unless expressly 
stated to the contrary , “ or ” refers to an inclusive or and not 
to an exclusive or . For example , condition A or B is 
satisfied by any one of the following : A is true ( or present ) 
and B is false ( or not present ) , A is false ( or not present ) and 
B is true ( or present ) , and both A and B are true ( or present ) . 
[ 0154 ] In addition , use of the “ a ” or “ an ” are employed to 
describe elements and components of the embodiments 
herein . This is done merely for convenience and to give a 
general sense of the invention . This description should be 
read to include one or at least one and the singular also 
includes the plural unless it is obvious that it is meant 
otherwise . 
[ 0155 ] While particular embodiments and applications 
have been illustrated and described , it is to be understood 
that the disclosed embodiments are not limited to the precise 
construction and components disclosed herein . Various 
modifications , changes and variations , which will be appar 
ent to those skilled in the art , may be made in the arrange 
ment , operation and details of the method and apparatus 
disclosed herein without departing from the spirit and scope 
defined in the appended claims . 
What is claimed is : 
1. A method for moving a volume of material from a site , 

the method comprising 
selecting , for an earth moving vehicle ( EMV ) in a site , a 

set of instructions for the EMV to move material in the 

site , the set of instructions comprising a location in the 
site from which a volume of material is to be moved ; 

executing , with a computer coupled to the EMV , the set of 
instructions configured to cause the EMV to : 
once at the location , position a leading edge of a tool of 

the EMV at a position relative to a ground surface of 
the location ; 

move the tool over a first distance at the location to 
move a portion of the volume of material ; 

detect , by a spatial sensor mounted to the EMV , a 
feature of the ground surface of the location , the 
detection comprising information describing a posi 
tion of the feature within the location and a classi 
fication of the feature ; and 

responsive to detecting the feature in the site , move the 
tool a second distance at the location based on the 
position of the feature within the location and the 
classification of the feature . 

2. The method of claim 1 , wherein the feature of the 
ground surface is one of : 

an obstacle above the ground surface ; 
an obstacle at the ground surface ; 
an obstacle below the ground surface ; 
a second EMV moving within the site ; and 
a human . 
3. The method of claim 1 , wherein instructions causing 

the EMV to move the tool cause : 
the EMV to actuate the tool ; or 
the EMV to actuate a drive train of the EMV . 
4. The method of claim 1 , wherein the feature is classified 

as an obstacle obstructing movement of the tool through the 
ground surface of the location and the set of instructions 
further cause the EMV to : 

generate additional instructions for actuating the tool to 
moving the feature out of the location , the additional 
instructions defining the second distance for the tool to 
move at the location ; and 

move the tool the second distance at the location accord 
ing to the additional instructions to move the feature 
out of the location . 

5. The method of claim 1 , wherein the feature is classified 
as an obstacle obstructing movement of the tool through the 
ground surface of the location and the set of instructions 
further cause the EMV to : 

generate additional instructions for actuating the tool to 
break down the feature below the ground surface of the 
location , the additional instructions defining the second 
distance for the tool to move at the location , and 

move the tool the second distance at the location accord 
ing to the additional instructions to break down the 
feature below the ground surface of the location . 

6. The method of claim 1 , wherein the feature is classified 
as a pile of material at a height above the ground surface of 
the location and the set of instructions further cause the 
EMV to : 

identify a second location in the site with a hole extending 
below a ground surface of the second location ; 

generate additional instructions for actuating the tool to 
remove material from the feature , the additional 
instructions defining the second distance for the tool to 
move at the location ; 

move the tool the second distance through the feature 
according to the additional instructions to remove 
material from the feature ; and 
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deposit material removed from the feature into the hole at 
the second location . 

7. The method of claim 1 , wherein the feature is classified 
as a pile of material at a height above the ground surface of 
the location and the set of instructions further cause the 
EMV to : 

generate additional instructions for actuating the tool to 
grade the feature to an elevation of the ground surface 
of the location , the additional instructions defining the 
second distance for the tool to move at the location ; and 

move the tool the second distance over the feature accord 
ing to the additional instructions to grade the feature to 
the elevation of the ground surface of the location . 

8. The method of claim 1 , wherein the feature is classified 
as a hole in the ground surface of the location and the set of 
instructions further cause the EMV to : 

identify a second location in the site with a mound of 
material extending above a ground surface of the 
second location ; 

generate additional instructions for actuating the tool to 
move material from the mound at the second location 
into the feature , the additional instructions defining the 
second distance for the tool to move at the location ; and 

move the tool the second distance through the feature 
according to the additional instructions to fill material 
removed from the mound at the second location into the 
hole at the second location . 

9. The method of claim 1 , wherein the feature is classified 
as a hole in the ground surface of the location or a pile of 
material at a height above the ground surface of the location 
and the set of instructions further cause the EMV to : 

generate additional instructions for moving the tool 
around the feature by navigating the EMV around the 
feature , the additional instructions defining the second 
distance for the tool to move around the feature by the 
navigation of the EMV ; and 

move the tool the second distance around the feature 
according to the additional instructions for moving the 
tool around the feature . 

10. The method of claim 1 , wherein the set of instructions 
further cause the EMV to : 

detect , by the spatial sensor mounted to the EMV , one or 
more humans positioned within a threshold distance of 
the EMV ; 

halt movement of the tool below the ground surface of the 
location ; and 

responsive to detecting that the one or more humans have 
moved beyond the threshold distance of the EMV , 
actuating the tool to continue moving below the ground 
surface of the location . 

11. A non - transitory computer readable storage medium 
storing executable instructions for moving a volume of 
material from a site encoded thereon that , when executed by 
a processor , cause the processor to : 

select , for an earth moving vehicle ( EMV ) in a site , a set 
of instructions for the EMV to move material in the site , 
the set of instructions comprising a location in the site 
from which a volume of material is to be moved ; 

once at the location , position a leading edge of a tool of 
the EMV at a position relative to a ground surface of the 
location ; 

move the tool over a first distance at the location to move 
a portion of the volume of material ; 

detect , by a spatial sensor mounted to the EMV , a feature 
of the ground surface of the location , the detection 
comprising information describing a position of the 
feature within the location and a classification of the 
feature ; and 

responsive to detecting the feature in the site , move the 
tool a second distance at the location based on the 
position of the feature within the location and the 
classification of the feature . 

12. The non - transitory storage medium of claim 11 , 
wherein the feature of the ground surface is one of : 

an obstacle above the ground surface ; 
an obstacle at the ground surface ; 
an obstacle below the ground surface ; 
a second EMV moving within the site ; and 
a human . 
13. The non - transitory storage medium of claim 11 , 

wherein instructions causing the EMV to move the tool 
cause : 

the EMV to actuate the tool ; or 
the EMV to actuate a drive train of the EMV . 
14. The non - transitory storage medium of claim 11 , 

wherein the feature is classified as an obstacle obstructing 
movement of the tool through the ground surface of the 
location and the set of instructions further cause the proces 
sor to : 

generate additional instructions for actuating the tool to 
move the feature out of the location , the additional 
instructions defining the second distance for the tool to 
move at the location , and 

move the tool the second distance at the location accord 
ing to the additional instructions to move the feature 
out of the location . 

15. The non - transitory storage medium of claim 11 , 
wherein the feature is classified as an obstacle obstructing 
movement of the tool through the ground surface of the 
location and the set of instructions further cause the proces 
sor to : 

generate additional instructions for actuating the tool to 
break down the feature below the ground surface of the 
location , the additional instructions defining the second 
distance for the tool to move at the location ; and 

move the tool the second distance at the location accord 
ing to the additional instructions to break down the 
feature below the ground surface of the location . 

16. The non - transitory storage medium of claim 11 , 
wherein the feature is classified as a pile of material at a 
height above the ground surface of the location and the set 
of instructions further cause the processor to : 

identify a second location in the site with a hole extending 
below a ground surface of the second location ; 

generate additional instructions for actuating the tool to 
remove material from the feature , the additional 
instructions defining the second distance for the tool to 
move at the location ; 

move the tool the second distance through the feature 
according to the additional instructions to remove 
material from the feature ; and 

deposit the material removed from the feature into the 
hole at the second location . 

17. The non - transitory storage medium of claim 11 , 
wherein the feature is classified as a pile of material at a 
height above the ground surface of the location and the set 
of instructions further cause the processor to : 
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generate additional instructions for actuating the tool to 
grade the feature to an elevation of the ground surface 
of the location , the additional instructions defining the 
second distance for the tool to move at the location ; and 

move the tool the second distance over the feature accord 
ing to the additional instructions to grade the feature to 
the elevation of the ground surface of the location . 

18. The non - transitory storage medium of claim 11 , 
wherein the feature is classified as a hole in the ground 
surface of the location and the set of instructions further 
cause the processor to : 

identify a second location in the site with a mound of 
material extending above a ground surface of the 
second location ; 

generate additional instructions for actuating the tool to 
move material from the mound at the second location 
into the feature , the additional instructions defining the 
second distance for the tool to move at the location ; and 

move the tool the second distance through the feature 
according to the additional instructions to fill material 
removed from the mound at the second location into the 
hole at the second location . 

19. The non - transitory storage medium of claim 11 , 
wherein the feature is classified as a hole in the ground 
surface of the location or a pile of material at a height above 
the ground surface of the location and the set of instructions 
further cause the processor to : 

generate additional instructions for moving the tool 
around the feature by navigating the EMV around the 
feature , the additional instructions defining the second 
distance for the tool to move around the feature by the 
navigation of the EMV ; and 

move the tool the second distance around the feature 
according to the additional instructions for moving the 
tool around the feature . 

20. The non - transitory storage medium of claim 11 , 
wherein the set of instructions further cause the processor to : 

detect , by the spatial sensor mounted to the EMV , one or 
more humans positioned within a threshold distance of 
the EMV ; 

halt movement of the tool below the ground surface of the 
location ; and 

responsive to detecting that the one or more humans have 
moved beyond the threshold distance of the EMV , 
actuating the tool to continue moving below the ground 
surface of the location . 

21. A method for moving a volume of material from a site , 
the method comprising 

selecting , for an earth moving vehicle ( EMV ) in a site , a 
set of instructions for the EMV to move material in the 
site , the set of instructions comprising a location in the 
site from which a volume of material is to be moved ; 

executing , with a computer coupled to the EMV , the set of 
instructions configured to cause the EMV to : 
position a leading edge of a tool of the EMV at a depth 

below a ground surface of a location ; 

move the tool of the EMV over a first distance below 
the ground surface of the location to move a volume 
of material ; 

determine , as the tool moves over the first distance , an 
orientation of the EMV relative to the ground surface 
of the location ; 

compare the orientation of the EMV relative to the 
ground surface of the location to a threshold angle ; 
and 

responsive to determining that the orientation of the 
EMV relative to the ground surface of the location 
exceeds the threshold angle , navigate the EMV to 
return to a previous location in the site . 

22. The method of claim 21 , wherein the orientation of the 
EMV relative to the ground surface of the location is 
measured based one or more of : 

sensor data collected by one or more sensors mounted to 
the EMV ; and 

a distribution of hydraulic pressure in a hydraulic system 
controlling the tool . 

23. The method of claim 21 , wherein the set of instruc 
tions further cause the EMV to : 

continuously measure the orientation of the EMV relative 
to the ground as the EMV navigates to the previous 
location in the site ; and 

responsive to determining that the orientation of the EMV 
relative to the ground surface of the location is within 
the threshold angle , halting navigation of the EMV . 

24. The method of claim 21 , wherein the set of instruc 
tions further cause the EMV to : 

adjust a distribution of pressure in a hydraulic system 
controlling the tool based on the orientation of the 
EMV relative to the ground surface of the location , and 
move the tool over a second distance while maintaining 
the adjusted distribution of pressure in the hydraulic 
system to adjust the orientation of the EMV relative to 
the ground surface of the location . 

25. The method of claim 21 , wherein the set of instruc 
tions further cause the EMV to : 

responsive to determining that the orientation of the EMV 
relative to the ground surface of the location exceeds 
the threshold angle ; adjust a distribution of pressuring 
in a hydraulic system controlling the tool to raise the 
tool to a shallower depth below the ground surface of 
the location . 

26. The method of claim 21 , wherein the instructions 
further cause the EMV to : 

responsive to determining that the orientation of the EMV 
relative to the ground surface exceeds a threshold 
angle , adjust a distribution of pressure in a hydraulic 
system controlling the tool to raise the tool above the 
ground surface ; and 

navigate the EMV out of the location . 


