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Abstract

Automating earth-moving tasks has the potential to resolve labour-shortage, allow for unseen designs and foster sustain-

ability through using on-site materials. In this interdisciplinary project involving robotics and landscape architecture, we 

combine our previous work on autonomous excavation of free-form shapes, dynamic landscape design and terrain modelling 

tools into a robotic landscape system. It tightly connects survey, design and fabrication to exchange information in real-time 

during fabrication. We purposely built a LiDAR survey drone for tight integration. The design environment contains terrain 

modelling tools to balance cut and fill volumes for material-neutral, on-site construction. Its parametric nature allows it to 

adapt the geometry to changing site conditions during fabrication. Our autonomous walking excavator is used to create these 

free-form shapes in natural granular material. We propose an excavation planner for free-form embankments that computes 

the next excavation location and subsequently the location where the excavated soil should be dumped. This robotic excava-

tion system achieves the world’s first autonomous completion of free-form embankments with high accuracy. A 20 m long 

S-shaped and a two-faced embankment with a corner with roughly 0.03–0.05 m average error were created.

Keywords Autonomous excavation · Landscape design · Free-form embankment · On-site construction · Computational 

terrain modelling

1 Introduction

The construction sector is one of the largest in the world and 

vital to every country’s economy. However, productivity has 

not increased significantly over the last decades compared to 

other sectors. In combination with a rising labour shortage, 

this sector is in need of a transformation into the digital age 

through automation to solve these problems. Automating 

earth-moving tasks will relieve human workers from physi-

cally hard, repetitive and dangerous work to focus their skills 

on more interesting and rewarding tasks (Chui and Mischke 

2019). Additionally, these robotic systems will allow for new 

ways of creating earthworks capable of mediating ecological 

and mechanical performance in unstructured environments.

This work focuses on highly accurate robotic fabrication 

of free-form embankments which are seen as templates for 

larger projects such as road construction, sound barriers, 

river profiles and protective structures against avalanches, 

landslides and debris flows. These embankments are built 

through digital processes that allow novel, material-neutral 

and terrain adaptive designs. It is achieved by changing the 

current sequential construction process where first a survey 

is conducted, a design is created based upon that survey, and 

the structure is then fabricated according to the design. This 

one time sequential execution of survey, design and fabrica-

tion is changed to a circular feedback scheme where design 

and fabrication are tightly connected to exchange informa-

tion both ways.
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1.1  Related work

First, autonomous excavation requires a robotic excavator. 

One of the first automated excavators was LUCIE devel-

oped by the Lancaster University (Bradley and Seward 

1998, 1995) more than three decades ago. Their focus lied 

in control of the excavator for trenching tasks. A decade 

later, the Autonomous Loading System (ALS) by the Car-

negie Mellon University was introduced (Cannon 1999). 

They were the first to add exteroceptive sensing to an auto-

mated machine with a line-laser on the excavator’s roof. 

The focus was mass excavation to load trucks in large open 

mines. Another decade later, a similar task was again tar-

geted with THOR by the Technical University of Kaiser-

slautern (Schmidt et al. 2010) exploring behaviour-based 

control and increasing the applicability through adding 

construction site navigation (Schmidt and Berns 2015). 

The last autonomous excavator from academia in this line-

up is from the Australian Center for Field Robotics, where 

they have a long history of industry-driven projects. Their 

1.5 tonne excavator by Quang et al. Ha et al. (2002) is used 

to autonomously dig trenches using a combined notion of 

force and position. They are the first to abandon the idea of 

trying to follow a position trajectory closely with the first 

pass. Instead, they use an iterative approach to converge to 

the desired profile after a few consecutive digs (Maeda and 

Rye 2012; Maeda et al. 2014). A trench with 0.025 m accu-

racy is achieved (Maeda et al. 2015). However, they do not 

capture the terrain with any sensors but infer the actual 

elevation only from the bucket edge motion. No dynamic 

model in the conventional sense is used by Park et al. Park 

et al. (2017). Instead, the dynamics are learned online with 

an echo state network and used to track a position trajec-

tory. The network can also compensate for changes during 

execution, e.g., change in fluid temperature.

The only fully autonomous excavator from industry 

that has proven itself in a real-world use case so far is 

AX-162 by Built Robotics. They autonomously dug pipe-

line trenches across Queensland, Australia Built Robotics 

2021.

We use HEAP in this work, the world’s first autono-

mous walking excavator. The development of HEAP from 

an off-the-shelf walking excavator into an autonomous 

robot is described in our previous work (Jud et al. 2020). 

It covers the necessary building blocks, i.e., automation 

of arm and legs, driving control, state estimation and pro-

prioceptive and exteroceptive sensing.

To work on larger areas, an excavation task planner has 

to find a series of single dig cycles that complete the exca-

vation task. An example of a global planner is presented 

by Seo et al. (2011). The excavator moves in a prede-

fined pattern over the excavation site, similar to a milling 

machine, and excavates layer by layer until the desired 

depth is reached. Zhao et al. (2020) show an iterative plan-

ner by training a multilayer perceptron to find the next 

point of attack for excavation. Singh and Simmons (1992) 

proposed an iterative planner that provides a starting point 

and the bucket’s entire trajectory in the soil. It considers 

bucket volume, reachability, desired end shape (flat bottom 

only) and the excavation force. All of the excavation task 

planners mentioned above are solely intended for mass 

excavation, loading operations or trenching. In conclusion, 

no work focuses on the task of precise excavation of more 

complex forms, except our previous work on free-form 

trenches (Jud et al. 2019). We proposed an iterative exca-

vation planner that finds the next excavation location by 

scoring based on the excavation error and the topography. 

It is extended in this work for 3D embankments.

To explore the creation of precise 3D geometry in loose 

and granular material, we have to refer to model-scale exper-

iments. Gramazio Kohler Research explored the processing 

of shapeless sandy materials with a robotic arm equipped 

with sensors and various end-effectors that allowed for feed-

back-driven formation processes Gramazio et al. 2021. This 

work was extended into modelling natural granular material 

that explored specific digging, shifting and dumping strate-

gies using adaptive feedback systems and dynamic mod-

elling tools by Hurkxkens et al 2021. Similarly, Bar-Sinai 

et al. (2019) introduced a protocol combining a theoreti-

cal framework and an iterative process for remote ground-

scaping. However, a schism still exists between models of 

information (geographic information system), models of 

design (as intuitive and free-form methods) and models of 

fabrication. Engineers or landscape designers have to choose 

between GIS, free-form modelling or computational meth-

ods depending on their skill levels. The digital sculpting 

tools by Westort Westort (1998) are an excellent example 

of how to integrate the creation of landscape forms with 

the logic of earth-moving processes. However, it lacks the 

flexibility of free-form modelling software. In our previous 

work, we developed computational terrain modelling tools to 

combine both free-form drawing and computational methods 

(Hurkxkens and Bernard 2019). This resulted in the terrain 

modelling plugin Docofossor (Hurkxkens and Bernhard 

2019) for Rhino 3D which was extended to integrate directly 

into the fabrication environment of HEAP for this work.

1.2  Contribution

The main contribution of this article is the autonomous exca-

vation of free-form embankments in terrain, as shown in 

Fig. 1. The digital process for robotic creation of embank-

ments includes an initial survey through a drone purposely 

built for tight integration in this system. A novel digital 

design process is implemented that allows for a material 
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neutral design and feedback from the construction process. 

HEAP is used to execute the excavation process. To this end, 

an excavation planner for 3D embankments was developed. 

Apart from computing the next excavation point, it can also 

find a suitable dump location for the soil. In its entirety, the 

robotic excavation system shows the world’s first autono-

mous completion of 3D embankments with unprecedented 

accuracy. An 20 m long S-shaped and a straight embankment 

with 0.03–0.05 m average error were created.

2  Robotic landscape system

As illustrated in Fig. 2, the robotic process is split into 

three major parts. First, a drone performs an initial survey 

to gather a three-dimensional map of the construction site. 

Secondly, design algorithms compute the desired shape of 

the embankment based on the recorded data. Thirdly, the 

desired elevation is sent to HEAP, which will execute the 

necessary excavation and dump actions to turn the design 

into reality. The fabrication process is running at a feedback 

rate of 100 Hz to control HEAP. The current elevation map 

is the feedback from the fabrication to the design. In the 

future, properties such as soil composition will also be fed 

back. The feedback rate from fabrication to design can vary 

according to the project. A fast rate might be helpful to adapt 

the design often and quickly to changes in the environment. 

In the other extreme, there can also be no feedback from 

fabrication to the design and HEAP will try to recreate the 

initially planned design as well as possible. The drone sur-

vey should be used at the beginning to gather a complete 

map of the environment for the design step. Additionally, 

the drone can be deployed at discrete times to get a complete 

overview of the progress and possibly adapt the design. The 

excavator’s viewpoint might make it miss certain places due 

to obstructions.

2.1  Initial survey—landscape mapping drone

The initial survey of the construction site is carried out with 

a purpose-built drone. The motivation to build an airborne 

mapping drone, instead of choosing an off-the-shelf prod-

uct, is, on the one hand, the costs and, on the other hand, 

tighter integration and flexibility of a self-developed system. 

Multiple different sensors and their arrangement could be 

tested out.

There are two possible options for airborne mapping, 

camera and (LiDAR) based. Where camera-based meth-

ods, such as photogrammetry/structure from motion, are 

Fig. 1  The autonomous walking excavator HEAP can excavate free-

form shapes with high accuracy. The image shows the s-curved 

embankment’s progress with the finished surface in the foreground 

and the unfinished pile to excavate behind it
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Fig. 2  The robotic process starts with an initial drone survey. The 

map of the construction site is then used in a design environment to 

produce the desired shape of the embankment. This desired elevation 

is sent to HEAP, which will realize the plan through excavation and 

dumping cycles. Information is fed back, which results in a novel, 

adaptive process
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lower cost and require less payload, LiDAR’s produce pre-

ciser maps, especially in a vertical direction. Additionally, 

LiDAR’s can also capture more complex structures, e.g., 

trees, bridges and buildings, correctly where photogram-

metry will fail. This might not be critical for our use case of 

mapping landscapes. However, in an architectural context, 

producing visually appealing maps is a benefit.

Upon the decision of mounting multiple sensors, includ-

ing a relatively heavy LiDAR on the drone, a DJI M210 

RTK drone with 1.72 kg payload was chosen. The real-time 

kinematic (RTK) enhanced Global Navigation Satellite Sys-

tem (GNSS) positioning will provide a world reference to 

the map. This is critical, as the later fabrication step with 

HEAP will also rely on a GNSS-based state estimator. Thus, 

the drone map can be easily referenced to the excavator and 

the construction plan in general.

The entire sensor payload is shown at the bottom of 

Fig. 3. It is built around a light-weight but stiff 3D-printed 

structure. Three connection points at the top are used to 

securely mount it to the drone’s original damped cam-

era mount points, as shown in the in-flight image at the 

top of Fig. 3. An Ouster OS1 LiDAR is chosen due to its 

low weight (380 g) and high-resolution with 64 lines. It is 

mounted at the front such that the cooling fins are located 

in the rotor’s downwash. Otherwise, the heavy base plate 

has to be installed for better cooling. Additionally, an RGB 

camera (Ximea xiC) and a multispectral camera (Micasense 

RedEdge-M) can be mounted as well. However, they are 

not used yet in this work. In the future, the multispectral 

camera will allow augmenting the point cloud gathered by 

the LiDAR with additional information about the ground 

material. All of the sensors are connected to an Nvidia TX2 

with an Auvidea J120 carrier board. It was chosen for its 

low weight and low power consumption. The carrier board 

provides the connections to all sensors at the same time and 

can also house a large M2 SSD for data storage. The comput-

ing unit is also directly connected to the drone through an 

RS-232 connection to read any information from the drone. 

The entire sensor payload is powered through the drone’s 

batteries, with the necessary power converters. Thus, a sepa-

rate heavy battery which would reduce the flight time is not 

necessary.

The drone is still flown manually in these experiments. 

However, the RS-232 connection to the drone would allow 

sending waypoints through the DJI Onboard SDK ROS. On 

top of commanding the drone, the same interface can also 

be used to record the state estimate from the drone’s onboard 

state estimation. In our current configuration of the drone, 

IMU, RTK-GNSS, visual odometry from the onboard down-

ward-facing camera and a barometer are fused. Apart from 

the drone’s estimated pose, the LiDAR and IMU packets are 

also recorded for later offline mapping.

In an offline processing step, the gathered LiDAR pack-

ets are fed into the lidar_align package (Taylor and Millane 

2018) to find the transformation between the drone’s origin 

and the LiDAR. This step should be carried out for each 

data recording, as the sensor can be unmounted and LiDAR 

and drone are not time-synchronized. lidar_align will find 

the transform between the drone and LiDAR as well as the 

corresponding time offset. Stitching the LiDAR packets 

together according to the drone’s state estimation and the 

drone-LiDAR calibration will result in a large point cloud as 

shown in Fig. 4. The test field where the embankment proto-

type will be created is located in the white rectangle. The 3D 

point cloud is converted into a 2.5D elevation map using the 

grid_map_pcl package (Jelavic and Jud 2018), which will 

cluster the points per grid cell. The resulting elevation map 

is shown in the bottom right corner of Fig. 4.

Fig. 3  The sensor pack is mounted at the front of a DJI M210 RTK, 

where normally a large camera could be attached. The sensor pay-

load includes a LiDAR (dark blue), RGB camera (black), multispec-

tral camera (red) and IMU (behind the LiDAR) connected to a Jetson 

TX2 for data gathering and processing. The components are mounted 

on a stiff 3D-printed frame and powered through the drone with a 

converter leaving out a heavy additional battery
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Running a localization and mapping algorithm with the 

collected LiDAR scan would be an alternative, especially if 

a LiDAR is deployed on a cheaper, less capable drone, which 

might not provide an accurate state estimate. Examples for 

such an alternative would be an (ICP) approach or Cartog-

rapher developed by Google (Hess et al. 2016).

2.2  Design environment—docofossor

The design environment consisting of analysis, model-

ling and validation steps are performed on a 2.5D digital 

elevation model received from the surveying drone as an 

elevation map. COMPAS FAB [8] on the Windows side in 

combination with a ros_bridge in the Windows Subsystem 

for Linux is used to connect the design environment to the 

local network where messages to the drone and HEAP can 

be transmitted using Robot Operating System (ROS). The 

design environment itself runs in Rhino using computational 

terrain modelling tools based on the terrain modelling plugin 

Docofossor (Hurkxkens and Bernhard 2019), which was 

implemented by Hurkxkens (2020) for this interdisciplinary 

collaboration.

The terrain modelling tools enable dynamic updating 

of cut and fill operations based on distance functions. 

To be able to respond to changing site conditions in a 

dynamic fabrication environment, topographic designs 

are encoded parametrically. This is achieved by applying 

primitive shape representations in distance functions to 

terrain data. This allows for many Boolean operations on 

a single data set. Because the tools are written in Python, 

it can be used in the parametric modelling environment of 

Rhino Grasshopper or in COMPAS. Instead of having a 

signed distance field that equates to 0 at the surface, the 

height values determine the distance to 0, e.g. sea level. 

As such, the distance field is a simple height-map where 

the values are given by its elevation. The data structure 

for the distance field now consists of the definition of the 

elevation map and accompanying z values. By applying a 

distance function on every point in the grid using an itera-

tor, Boolean operations are calculated simply by shifting 

the grid-points up or down, while keeping the network 

topology intact.

Figure 5 shows how the distance functions result in the 

embankment design. Here we look at the 2D simplifica-

tion where we make a swale on the left side of the input 

curve and an embankment on the right. Apart from the 

input curve, slope angles and two distances (dxB and dxC) 

are given. Newly designed elevation values are obtained 

by subtracting or adding the difference (dz) depending 

on whether a cut or fill is required. The full embankment 

design is controlled using the amplitude and length of a 

sine-wave function to achieve the full three-dimensional 

geometry with varying width and height, see Fig. 6a. 

The adapted design line is used to create a material neu-

tral design of an embankment which is visible in Fig. 6b as 

the blue line. Balancing cut and fill volumes, such that no 

excess soil is present or additional soil is needed, is therefore 

integral to this design. The final cut and fill areas are illus-

trated in Fig. 7. Apart from cut and fill balancing, parameters 

such as the soil swell factor and maximum achievable slope 

angles are also considered.

The connection of the design environment to the robotic 

platform over a network allows for tight integration of the 

design process before and during fabrication. It can receive 

an initial map and also get constant feedback on the fabrica-

tion progress, as shown in Fig. 2. This feedback can trigger 

changes in the design on the fly according to local condi-

tions perceived by HEAP. For example, if HEAP discovers 

soil that can not be used to build an embankment with a 

particular slope, the design is adapted such that this newly 

found material can be integrated into the embankment. Or in 

case cut and fill volumes do not add up towards the end, the 

design can be changed accordingly. Such feedback can be 

often, e.g., after each digging cycle, or in the other extreme, 

never again after the initial design is created.

Fig. 4  The location where experiments are conducted is shown in the 

large 3D point cloud gathered by the drone and consisting of 17 mil-

lion points. The test field in the white rectangle is converted into a 

2.5D elevation map for use in the design environment

Fig. 5  2D illustration of the distance functions operating on the found 

geometry of the terrain
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2.3  Fabrication environment—HEAP

The embankment is fabricated with the autonomous walk-

ing excavator HEAP developed in our previous work, where 

we transformed an off-the-shelf walking excavator into a 

versatile, mobile manipulator (Jud et al. 2020). The fabrica-

tion environment block in Fig. 2 shows the required compo-

nents for autonomous excavation, namely excavation plan-

ning, control, state estimation and mapping. Fig. 8 illustrates 

the process of a single excavation cycle in the context of 

the embankment experiment. In the following paragraphs, 

one excavation cycle is explained in detailed and visualized 

in Fig. 8. The following section numbers are related to the 

respective octagons in Fig. 8.

1. Connectivity: HEAP is connected to the design environ-

ment through WiFi and receives the desired elevation map 

and the corresponding design line while feeding back the 

current elevation map.

2. State Estimation: As both the survey drone and HEAP 

rely on GNSS-RTK for localization, HEAP is easily refer-

enced to the design through our state estimation approach 

(Jud et al. 2020) computing the pose of the excavator.

3. Excavation Mapping: Excavation mapping, as shown in 

our previous work (Jud et al. 2019), generates a 2.5D eleva-

tion map of the current topography using LiDARs (Velodyne 

VLP-16 and Robosense RS-Bpearl) on the excavator’s roof. 

The exteroceptive sensing (LiDARs) is fused with proprio-

ceptive sensing (tracing the bucket edge as it moves through 

the soil) to quickly adapt the map to changes and increase 

robustness at the same time. Other possible disturbances, 

i.e., self-perception, falling soil, are handled as well.

4./5. Terrain-collision free trajectory to Point of Attack: The 

excavation planner finds the next point of attack for excava-

tion. It is based on our work for free-form trenches (Jud 

et al. 2017), but further developed in this work to handle 3D 

embankments, as introduced in Sect. 3.1. Once the point of 

attack is found by the excavation planner, an end-effector 

trajectory free of terrain collisions is planned from the cur-

rent location to either the point of attack or later on also to 

the dump point. It is an (SQP)-based planner using a (SDF) 

generated from the elevation map as shown in our previous 

work (Jud et al. 2019).

5. Single Dig Cycle: We use the soil-independent single dig 

cycle, as shown in Jud et al. (2017). It is an approach rely-

ing on force-control of the excavator’s arm. In addition, a 

state machine can also switch to grading with an inverse 

kinematic arm controller to achieve a highly accurate and 

smooth surface (Jud et al. 2019).

6. Dumping: After the bucket is filled with soil, the excava-

tion planner will find a suitable dump point, as described in 

detail in Sect. 3.2. Again, a terrain-collision free trajectory 

will guide the bucket to that location.

Fig. 6  The robotic embankment design is created on the elevation 

map gathered with the mapping drone

Fig. 7  Illustration of the earth-movement in cut (red) and fill (blue). 

The computational design model automatically adapts to balance 

material volume with a 1.05 swell factor to the found geometry of the 

terrain
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7. Driving: HEAP can drive along a predefined path to reach 

faraway points of attack or dump points. More details on the 

driving are given in Sect. 3.

8. Active Chassis Balancing: While the excavator drives over 

undulated terrain, the hip balancing controller takes care of 

keeping all wheels in ground contact for maximum traction 

and stability. It relies on force-controlled leg cylinders and 

a blind balancing algorithm. The hip balancing controller 

is shut off while the excavator is digging and not driving 

to allow it to leverage the machine’s weight for digging. 

Additionally, the active chassis plays a crucial role in high-

accuracy excavation. It guarantees that the excavator has a 

stable stand with weight on all wheels such that no rocking 

motion is possible when the heavy arm moves.

3  Excavation planning For 3D embankments

The excavation planner receives the desired elevation map 

and the corresponding design line from the design environ-

ment. Figure 9 shows the designed embankment from a top 

view with the height encoded in grey colours together with 

the design line as the dotted line. The design is only consist-

ing of the swale and the front face without the back face, 

as the excavator cannot reach the back face. However, it is 

considered in the design process for the volume calculations.

First, the driving path covering the entire design, shown 

as the dashed line in Fig. 9, is computed from the design line 

by offsetting it such that the excavator does not drive over 

the design, but also such that every point is still reachable 

with the arm from the driving path. The excavation point 

planner, as introduced in the following Sect. 3.1, is then 

run to find the next point of attack for excavation. The end 

position of the driving path is found such that the arm will 

work orthogonally to the design line. Such an end position of 

the chassis with the bucket over the point of attack is shown 

with the excavator model depicted in Fig. 9. The reasoning 

behind the arm’s working direction being orthogonal to the 

design line is illustrated in Fig. 10. The bucket edge will be 

parallel to the embankment break line without specifically 

enforcing this in the planner. After a successful excavation 

cycle, the dump point planner, as shown in Sect. 3.2 is run to 

find the dump point. In case that the dump point lies outside 

Fig. 8  HEAP, the autonomous walking excavator, is used to fabricate the embankment. The numbers 1–8 show a single dig cycle, 9 the finished 

part of the embankment with height lines for better visualization and 10 the unfinished part

Fig. 9  The driving path (dashed line) for a designed embankment 

is derived from the respective design line (dotted line) provided by 

the design environment. It is a constant offset line such that all points 

of the design are reachable from the driving path. The embankment 

height is encoded in grey colours (black: low, white: high)
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of the reach, the excavator drives along the path until the 

point is reachable.

Driving on the path is controlled through a pure pursuit 

implementation in SE(2) (Jelavic 2020). It provides a driving 

speed and steering angle to the driving controller.

3.1  Excavation point planner

An excavation planner for 2D trenches was introduced in 

our previous work (Jud et al. 2017). It finds the next point 

of attack for excavation by scoring based on the distance to 

the machine and terrain height. For this work on embank-

ments, we expand this work to 3D. The scoring still consists 

of the terrain height to excavate higher areas before moving 

to lower areas. However, the machine’s distance is not a 

suitable scoring for large plans, as this will lead to behav-

iour that depends on where the machine is located or starts. 

For better regularization, a progression line for scoring is 

introduced as shown in Fig. 11. With the angled progression 

line, the machine works from left to right and favours the 

embankment’s upper parts before working at the bottom as 

soil slides down the embankment.

The mathematical formulation of this approach is as fol-

lows. The error matrix Z
e
∈ ℝ

n×m between actual elevation 

Z
act

∈ ℝ
n×m and desired elevation Z

des
∈ ℝ

n×m is

We first construct a selection matrix S ∈ ℝ
n×m that selects 

only those cells that have an error higher than a certain 

threshold �+ ∈ ℝ
+:

(1)Z
e
= Z

act
− Z

des
.

(2)S+(xi, yj) =

{

1, if Ze(xi, yj) > �
+

NaN, else.

The x- and y-position of the point of attack (blue circle in 

Fig. 11) are the arguments of the maximum

The first term Z
act

 in this equation will cause higher areas 

to be excavated first. The second term causes the machine 

to work from left to right along a progression line with the 

angle � . The two terms, that are depending on z-values and 

xy-values, respectively, are weighted through the factor � . 

� creates a slope where the machine decides to first remove 

material on top before moving further down. Fig. 11 shows 

only a progression line in 2D. However, as one can see from 

Eq. 3, it is actually a 3D progression plane defined by the 

two angles � = tan � and �.

This planner is run iteratively without any planning that 

goes beyond one dig cycle. Thus, it can frequently happen 

that the machine returns to an already finished part of the 

embankment to fix some minor errors. Multiple reasons 

might cause this error, e.g., bad LiDAR measurements, 

mapping inaccuracies, falling soil. In order to reduce the 

planner deciding for subsequent point of attacks that are 

far apart, which reduces efficiency through longer driv-

ing distances, a second selection mask is introduced. The 

mask S
lb

 only keeps the biggest blob in the error map, 

as illustrated in Fig. 11. OpenCV’s (Bradski 2000) find-

Contour functionality is used to identify the error blobs. 

Thus, the machine will first work on the biggest pile of soil 

before taking care of smaller ones. This regularization has 

improved efficiency as the machine has to drive less when 

it is consistently working on the same pile. Larger piles are 

easier to excavate then smaller ones, and it is less likely to 

be stuck trying to fix some minor error without success.

(3)

arg max
xi,yj

Slb(xi, yj)S
+(xi, yj)(Zact(xi, yj)

+ �(cos(�)xi + sin(�)yi)).

Fig. 10  In order to achieve a clear break line between the swale and 

front face, the bucket has to pass over it with a parallel bucket edge 

meaning that the working direction of the bucket is orthogonal to the 

design line

Fig. 11  The planner will choose the next excavation point to work 

on the biggest blob and neglect the smaller ones (marked blue) for 

now. This will increase efficiency as the iterative planner will jump 

less to different blobs. The scoring is computed from the progression 

line (blue lines) as well as the cell’s terrain height. The point with the 

largest score will be the next point of attack and is encircled in blue. 

The score is represented through grey values. Black areas do not have 

a positive excavation error beyond a threshold
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3.2  Dump point planner

A motivation of this work is the ability to realize material 

neutral designs, which require planning not only for exca-

vation but also for dumping soil. The strategy is to dump 

soil until a positive error is achieved such that the required 

accuracy can be produced in a subsequent excavation step. 

Only dumping soil without a subsequent excavation step 

will not lead to the desired accuracy. In our work on free-

form trenches, the soil was simply dumped to a predefined 

spot to get it out of the way. This option is still used in this 

implementation if there is no space available any more on 

the design to dump soil. This could also be easily adapted to 

dump soil into a dump truck or processing plant. However, 

the design has balanced cut and fill volumes, and it is thus 

the more common case that there is still volume missing to 

complete the design. A similar approach to the excavation 

planner is used in that case. First, the error per cell is cal-

culated as in Eq. 1. The selection matrix S−
∈ ℝ

n×m selects 

those cells that have an error lower than a certain threshold 

�
−
∈ ℝ

+ and thus are candidates for dumping soil:

These candidate cells are scored with two terms. First, the 

euclidean distance of the bucket to the cell d(xi, yj) is com-

puted. Dump points with a lower distance should obviously 

be preferred as this will lead to short dump cycles and thus 

increased efficiency. Secondly, the terrain height is also part 

of the score, as deep holes should be filled first. Figure 12 

illustrates the scoring. Similar to Eq. 3,

finds the x- and y-position of the dump point with the same 

weighting � as in Eq. 3, but a different additional selection 

(4)S−(xi, yj) =

{

1, if Ze(xi, yj) < �
−

NaN, else.

(5)
arg min

xi,yj

Slv(xi, yj)S
−(xi, yj)(Zact(xi, yj) + �d(xi, yj))

mask S
lv
 . This mask removes blobs from the error maps that 

represent a small error volume < 0.1 m
3 , roughly a fifth of 

the bucket volume. Fig. 12 shows small volumes that are 

removed, and in this case, only one large volume is consid-

ered. If the planner decided to dump a full bucket of soil in 

such a spot, it would make it worse than before, possibly 

requiring multiple excavation steps to clean it up again. A bit 

of accuracy is thus sacrificed for increased efficiency. Dump-

ing less than the entire bucket is not a feasible approach.

4  Results

The robotic process was put to the test in two different exper-

iments. First, an s-curved embankment was created. It high-

lights the new circular process of survey, design and fabri-

cation. The design was adapted roughly two thirds through 

the fabrication process to re-balance cut and fill volumes. 

Also, the embankment’s curved nature would be a tough 

challenge to build for a human operator on any level. The 

second experiment shows a two-faced embankment with a 

corner. It should highlight that this technology is also rel-

evant and useful for current designs and not only for more 

complex curved shapes.

These experiments are validated through computing error 

maps as shown in Figs. 16 and 20 as well as an error metric 

for the entire design where all cell errors are combined in a 

mean error. The error per cell is the distance of the actual 

surface measured with the on-board LiDAR’s to the desired 

surface from the design environment in the normal direction 

of the desired surface. Without using the normal direction 

of the desired surface, steep slopes would not be reflected 

correctly in the error metric.

4.1  S‑curved embankment

The robotic process shown in Fig. 2 is showcased on an 

s-curve embankment. The video1 accompanying this experi-

ment summarizes the entire process from the initial drone 

flight to the finished embankment. The autonomous exca-

vator operates with Level 4 autonomy Melenbrink et al. 

(2020) as stated in independent research by Melenbrink et al. 

(2020), as the optional operator in the cabin does not interact 

with the machine and only has a supervisory role for this 

research prototype.

The design can be seen in Fig. 5a and is composed to 

follow the site’s general slope and catch any water runoff 

in the swale. The embankment slope is set to 33.7
◦ and the 

total displacement volume to 30 m
3 . Although the design 

could have been steeper due to the clay-rich soil, the heavy 

Fig. 12  After thresholding the error map, error blobs with too small 

volumes are not considered as candidates for dumping (highlighted 

in blue). The dump point is then found through scoring with terrain 

height and distance to the bucket. Grey values represent the scoring, 

whereas black areas are not considered for dumping

1 https:// www. youtu be. com/ watch?v= Wjq3N f9rWrM.

https://www.youtube.com/watch?v=Wjq3Nf9rWrM
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rain during the fabrication period led to a more conserva-

tive design. In this experiment, the first precision geometry 

was created autonomously with our novel robotic process 

in landscaping.

Figure 13 shows the final top view, Fig. 14 the elevation 

map at the end and Fig. 15 a time-lapse over the entire 

fabrication process. These illustrations show that a smooth 

surface finish, as well as a precise curvature, was achieved. 

The excavator started by design on the northern corner and 

progressed to the southern part. A total of 6 h of machine 

operation was necessary to cut 30.60 m
3 and fill 32.20 m

3 

of soil. A small swell factor of 1.05 was used as some of 

the piled-up soil was moved in the past years and thus 

not compacted over a long time. Nonetheless, digging the 

swale in front of the embankment went down into hard, 

compacted and undisturbed soil with small stones. The 

excavation system successfully handled these soil changes.

Regarding excavation accuracy, there are two unequally 

challenging parts in this design. The northern part, which 

is worked on first, is concave with a large radius. It is less 

challenging to fabricate than the southern part, consisting 

of a tight convex curvature that is inherently hard to reach 

with a flat edge shovel. The twofold design was chosen to 

show on the first part, the accuracy the process can achieve 

on complex curved surfaces and, at the same time, in the 

second part, where its limitations lie.

The average error per cell for the first concave part is 

0.038 m . The error map in Fig. 16 shows mostly light blue 

colours representing errors close to zero in this area. This is 

in the same range as our previous, much more trivial experi-

ments on free-form trenches where 0.027 m and 0.024 m 

average error was achieved. The overall average error is 

0.056 m due to the previously mentioned challenges in 

the second part. Interestingly, areas with a positive error 

coincide with areas where cutting was necessary from the 

initial plan and areas with negative errors coincide with 

areas where filling was required. This seems logical as the 

thresholds for the excavation/dumping planner were chosen 

symmetrically as �+ = −�
− . In future experiments, �− = 0 

would be a good choice to force a positive error and possibly 

a subsequent excavation step for a more equally distributed 

error over the entire embankment.

Some soil was lost when excavating the swale. It did not 

end up in the bucket after the bucket closing motion but was 

instead pushed towards and under the machine. Since the 

design is balanced regarding cut and fill volumes, the lost 

volume will be missing at the end of the embankment’s fab-

rication. However, this is not a problem but rather a perfect 

opportunity to highlight the strength of tightly connected 

design and fabrication steps. Roughly after two-thirds of the 

fabrication, the design was altered to re-balance cut and fill 

volumes. Figure 17 shows the adapted plan. The swale can-

not be changed as it is adapted to the overall terrain slope, 

and its form is functional regarding water runoff. The front 

face slope should also not be changed as it would otherwise 

be different from the already built rest of the embankment. 

However, the ridgeline can be lowered along the front face 

as illustrated in the section cut in Fig. 17, which removes a 

large volume (black and white stripes) at the backside of the 

embankment to compensate for the lost soil. The back face 

form is not critical and only there to support the front face 

and can thus be changed as required.

Fig. 13  A top view of the finished embankment prototype shows the 

curved design and the smooth surface finish

Fig. 14  An elevation map of the s-curved embankment is created 

from the onboard LiDAR’s after the experiment was successfully fin-

ished. The colours represent the terrain height
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4.2  Two‑faced embankment with a corner

In a second experiment, a two-faced embankment with a 

corner was fabricated as illustrated in the plan’s rendering 

in Fig. 18. This experiment did not use the design envi-

ronment. Instead, the embankment shape was drawn up in 

Blender and exported as a computer-aided design (CAD) 

model. The corner was realized by two individual plans for 

the two faces. The machine switched to the second one as 

soon as the first one was completed. Instead of using the 

high-precision servo valves, pilot stage driven main valves 

were used as this experiment solely needed grading cycles 

and no force-controlled digging. The reason being that it was 

performed in loose soil dumped from a truck. Additionally, 

the grading speed was significantly increased for a more 

efficient process.

For demonstration purposes, the finished embankment 

could be torn down by a human operator, and the autono-

mous excavator would fix the embankment again. The exca-

vation planner would find the areas where soil was missing, 

identifies the areas with too much soil and move the soil 

accordingly. The process of destroying the embankment 

manually and rebuilding it autonomously made for a com-

pelling demonstration. Figure 19 shows the finished two-

faced embankment with a corner.

Figure 20 shows a top view of the error map at the end. 

An average error per cell of 0.032 m was achieved. A 

smooth surface finish and a clear corner highlight the high 

precision of this autonomous excavation demonstration. The 

figure shows positive errors with excessive soil in dark blue 

colours and negative errors with missing soil in yellow col-

ours. However, the largest parts have only very little error, 

as illustrated by large patches with light blue colour.

Fig. 15  A time-lapse with six images over the entire fabrication process shows the progress of the s-curved embankment

Fig. 16  The error map of the s-curve embankment shows missing soil 

(negative error) with yellow colours, excess soil (positive error) with 

dark blue colour and close to zero error with light blue

Fig. 17  The swale, to catch water runoff, and the front face are func-

tional parts that should not be changed. The embankment volume can 

still be adapted to compensate an offset in cut and fill volumes by drop-

ping the ridgeline along the front face. This will remove a large volume 

(black and white stripes) at the backside of the embankment. This is 

illustrated through a section cut at the point with the biggest correction

Fig. 18  The two-faced embankment with a corner is defined by a 

CAD model designed in Blender
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5  Conclusion

A unique collaboration between robotics and landscape 

architecture led to the fully autonomous high-accuracy 

fabrication of a free-form embankment where the design is 

material neutral and adaptive to local conditions. This has 

not been shown before. In detail, the robotic process dem-

onstrated in this article tightly connects drone surveying, 

design and fabrication to exchange information in real-

time during fabrication. The design can adapt immediately 

to local changes, e.g. incorporate large stones, change the 

slope according to the soil type, with either feedback from 

a surveying drone or the excavator used for fabrication. In 

order to achieve such tight integration, we purpose-built 

a surveying drone for gathering a 3D point cloud from a 

LiDAR and subsequently transformed into an elevation 

map. RGB and multispectral cameras will add additional 

information on the soil characteristics in the future. The 

fabrication is realized with HEAP, the world’s first autono-

mous walking excavator capable of high precision exca-

vation. For this work on 3D embankments, an excavation 

planner was developed that iteratively plans excavation 

cycles as well as points to dump the soil. Planning for both 

excavation and dumping allows for fabricating material 

neutral designs.

Improvements on efficiency and productivity will 

be necessary. 6 h of machine operation for a 20 m long 

embankment moving 30 m
3 soil is well below any human 

operator’s performance. Also, larger plans will need the 

deployment of multiple machines. It is not yet clear how 

we will solve the collaboration problem. Not only could 

there be multiple machines of the same type, but also 

machines of different types working in a collaborative 

manner as seen on today’s large construction sites.

Currently, the surveying drone only feeds information 

into the design process, but not to HEAP fabricating the 

embankment. Deploying the drone autonomously during 

the fabrication step and supplying information also to 

HEAP, would allow the excavator to make better decisions 

as some of the blind spots, e.g. areas behind the embank-

ment, can be perceived and correctly handled. This will 

become even more critical for larger designs.

The experiments brought forth in this article demon-

strate how computational design and robotic fabrication 

can respond dynamically to ongoing changes in natural 

granular materials. As such, the construction approach 

with HEAP changes the way we can design and construct 

with terrain. Apart from construction efficiency, it gives 

future landscape architects more geometric freedom in 

the design of landscapes to create innovative grading and 

drainage strategies and could provide dynamic mainte-

nance along road embankments and rivers where equilib-

rium in terrain can not naturally be sustained. As such, the 

potential of autonomous earth-moving tasks is recognized 

in its ability to mediate between existing and desired states 

of terrain and how it opens up landscape design to new 

cyber-physical explorations.

Acknowledgements This work was supported in part by the Swiss 

National Science Foundation through the National Centre of Com-

petence in Digital Fabrication (NCCR dfab), Hexagon Geosystems, 

armasuisse Science and Technology and the Landscape Visualization 

and Modelling Lab (LVML).

Funding Open Access funding provided by ETH Zurich.
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