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ABSTRACT

A planning and design operating platform is an operational
interface which is used in the process of planning and design
to demonstrate the base information of an existing site, and to
facilitate planning and design activities. With the improvement
of digital technology, an operating platform called Sandbox
has been developed, based on Computer Aided Manufacturing
and Augmented Reality technology. This paper introduces the
technical background of the Sandbox platform, and briefly
reviews its development. The author takes the sandbox produced
by Digital Landscape Research Center of the Landscape
Architecture Planning and Design Institute of Beijing Forestry
University as an example, to explain the framework of the
Sandbox platform, and to emphatically show the functions

and operational principles of its digital information analysis
module. The Sandbox is a four-dimensional operation platform
that precisely represents the site, directly carries out manual
design and operation, and realizes real-time human-computer

interaction.

KEY WORDS
Planning and Design; Operating Platform; Sandbox; Computer

Aided Manufacturing; Augmented Reality
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1 Introduction

A planning and design operating platform is an operational
interface which is used in the process of planning and design

to demonstrate the base information of an existing site, and to
facilitate planning and design activities. Some kind of operating
platform is required to achieve planning and design. In the
manual design era, before computer technology was popularized,
landscape planning and design was often conducted through
the platform of hand drafting (for example, making sketches on
semitransparent trace paper over a base map printed to scale)
and handmade sand table models. With the popularization of
computer aided design (CAD) technology, landscape architects
have become familiar with design software such as Auto CAD,
3D-max, Sketch-up, Rhino, and Revit.

From the manual design age to the present, landscape
architects have been accustomed to cultivating their designs
through two-dimensional drawings. Although, without a doubt,
two-dimensional drawings do provide a most basic operating
platform for designing, they seriously lack the ability to visualize
vertical elements. As landscapes are mostly built on the earth’s
surface, vertical design plays a significant role in landscape
planning and design. But the method of designing vertical
elements by demonstrating three-dimensional (3D) topography
using two-dimensional contours may seem rather abstract and
obscure.

Handmade sand tables are a good way to solve the problem
of 3D expression of vertical information. Those with good
operating performance, made of clay or gypsum, even allow
designers to conduct planning and design on the operating
platform of the original terrain through hand shaping. However,
the traditional handmade sand table has difficulties in generating
existing topography: one can hardly accurately restore site
topography by hand using soft materials such as clay and
gypsum. Although it is possible to achieve high precision using
hard materials, such as cardboard or foam, these materials are
unable to be easily shaped.

Contemporary computer software is already able to
accurately represent site information in the digital world, and
achieve site planning and design through digital tools. There are,
however, two important problems with these platforms. First, the
digital 3D model still depends on a two-dimensional screen to be
displayed, which results in a great reduction of the 3D sense of
space. Second, the digital 3D model cannot be hand-operated in
a visual way, instead, it relies on relatively complex software to
do planning and design. Thus, this kind of operation method is
not efficient either.
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2 Technological Contexts

With the improvement of digital technology, as well as the
popularization of Computer Aided Manufacturing (CAM) and
Augmented Reality (AR) technology, a new type of operating
platform gradually developed.

2.1 Computer Aided Manufacturing

CAM, often called Digital Fabrication in the field of
architecture, is a combination of computer technology and physical
3D molding to assist design and construction.

Mainly used in industrial and manufacturing sectors in the past,

this technology works as follows: First, the 3D digital model of the
construction target is converted and compiled into action lines and
process code for the 3D molding tools (for example, the output
information of CNC machine tools is the movement trail of the
cutting tool). Next, the physical material is machined or assembled
into an entity by a numerically controlled 3D-shaping apparatus
(for example, laser engravers, CNC machine tools, 3D printers,
industrial robots, etc.). Through CAM technology, virtual digital
models can be quickly transformed into physical entities (Fig. 1).

2.2 Augmented Reality

AR is the technology that “seamlessly” integrates real-world
information with virtual world information. The goal of this
technology is to embed virtual digital information in the real world

for real-time interaction.
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AR technology was first used in the military field, in the
display systems of fighter pilots’ helmets. Its purpose is to
identify real-world information, including enemy aircraft
position, altitude, relative speed, etc. through sensing devices
(radar, camera, infrared detector which set in the fighter),
digitally process that information, and then project it in the
form of characters or images via display devices (head-mounted
displays, projectors, etc.) into the real world. The information
is then perceived by human senses, thereby realizing real-time
interaction between the real physical world and the virtual digital
world (Fig. 2).

2.3 A Review of Sandbox’s Development

As early as in 2002, based on AR technology, The Media
Laboratory at Massachusetts Institute of Technology developed
a system called “Illuminating Clay.” The system consisted of
a rotatable clay table, a 3D laser scanner, a projector, and a
computer equipped with analysis software. Hanging above the
clay table, the 3D laser scanner was able to capture real-time
shape changes in the clay, and input digital information to the
computer. Next, a set of software specifically developed for the
system analyzed the digital information gathered from the clay
model, including elevation, slope, sun shadow, runoff and soil
erosion. Finally, the analysis results were projected onto the
surface of the clay by the projector in the form of a visualized
image. This system was the first to realize the interaction between
human perception, a physical model, and a virtual digital model. ""!
(Fig. 3)

The LVML Lab at the School of Architecture, Swiss Federal
Institute of Technology Zurich (ETH Zurich), also developed
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a similar operating platform called the “Sandbox.” Unlike

the “Illuminating Clay” system, this platform applies CAM
technology. In order to more accurately reproduce the original
terrain, researchers would generate a Digital Terrain Model (DTM),
transform it into a negative mold, and then use the CNC machine
tools to engrave the shape. Next, the negative mold was inverted
on a model table filled with viscous sand. After compaction,

the sand formed a positive 3D model of the base topography.
Designers could then work on the 3D model repeatedly, using
tools such as knives and small shovels, until they formed the ideal
design. The sandbox is equipped with a small 3D laser scanner,
which can at any time convert the sand model into a digital model
and conduct real-time analysis. *! (Fig. 4)

The Rapid Landscape Prototyping Machine (RLPM), developed
in 2010 by the Landscape Morphologies Lab in the Department
of Landscape, School of Architecture at the University of Southern
California, made another step forward in CAM technology.
Compared with the Sandbox of the ETH Zurich, the RLPM uses a
robot arm to create the original terrain, which is much faster and
more direct than the CNC machine tool. "' (Fig. §)

3 The Platform Structure

From various versions of the system, we can see that the
Sandbox platform is mainly composed of four parts: a CAM-
based physical terrain reproduction and design operation module,
an AR-based digital information recognition module, a digital
information analysis module, and a digital information projection
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module. Next, we take the Sandbox produced by The Landscape
Architecture Planning and Design Institute of Beijing Forestry
University as an example, to explain the structure of the whole

system. (Fig. 6)

3.1 Terrain Reproduction and Design Operation Module

This module requires a basic physical operating interface in
which to reproduce the site terrain information. The 3D digital
model of the site will be processed into a physical model by the
CAM equipment, and the physical model should be made of
easily-shapeable materials to facilitate the subsequent design

operation.

3.1.1 Module Hardware

We chose “space sand,” a type of toy sand made for children,
as our physical shaping material. A mixture of deep sea sand,
wax, glue, and humectant in precise proportions, this type of
sand has good viscosity, can be repeatedly molded, and maintains
its shape for a long time. In order to display better results in the
later projection stage, we used light beige colored space sand.

The sand is contained in a box 120 cm in length, 90 cm in
width and 15 ¢m in height, and spliced with pine boards in a
dovetailed manner. The size of the box was determined with
full consideration of the processing range of the CAM tool, the
recognition accuracy of the 3D scanner, and the projection size
of the micro projector. A bracket was set up above the box for

mounting the 3D scanner and the micro projector.

3.1.2 Module Operation Mode
With the Sandbox platform, there are two methods to achieve
terrain representation: negative molding and positive molding.
The negative molding method uses CAM equipment to
process a negative of the desired terrain, then inverts and presses
the negative mold onto the sand surface to form a positive model.
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First, the 3D digital model of the site needs to be simplified and
zoomed in to an appropriate scale (the scale of the model often
depends on the processing range of the CNC machine tools).
Second, the 3D digital model is imported into the software
Rhino to generate the negative digital model, and then imported
into PowerMill” to set the engraving strategies, generate the
engraving tool path and derive the operation instruction code
(G code)? for the CNC machine tool. Next, the CNC machine
tool engraves the negative mold based on G code, using pine or
resin wood®. Due to their moderate hardness, these materials are
both easy to engrave, and intense enough to extrude the sand to
form the final model. Finally, the positive model is generated by
pressing the negative mold against a raked sand surface. (Fig. 7)
The positive molding method directly generates the positive
model of the topography using CAM equipment. Currently, the
mechanical arm is the primary CAM equipment capable of
shaping sand. The mechanical arm imitates the movement of
a human arm, and is powered by a steering engine or stepper
motor, combined with a harmonic drive; it can be remote
controlled or programmed. In theory, a mechanical arm
that meets seven degrees of freedom is able to imitate any
movement of human arms. By replacing the gripper at the
front of the mechanical arm with a rotating cutting head, a
plow, or a blade, we can make it able to shape material in the
sandbox. However, compared to CNC machine tools, large-
scale mechanical arms carry a high cost, high programming
difficulty, and high risk of application, which makes them
difficult to popularize. In addition, due to its insufficiency in
intensity, soft sand is very difficult to shape with a mechanical
arm, and the sand shape often collapses. Furthermore, the

waste generated by molding operations cannot be effectively
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cleaned to form a smooth surface. Nevertheless, compared
to the negative molding method, if the mechanical arm can

achieve positive shaping, it would greatly simplify the process.

3.2 Digital Information Obtaining Module
The core goal of this module is to analyze the sandbox
model developed in design operations, compile it into 3D

point cloud information, and input it into the next module.

3.2.1 Software and Hardware Components of the Module

For the 3D scanner, the core hardware of this module, we
chose the Microsoft Kinect 2.0% after considering a variety
of 3D scanning equipments on the market. Compared to
other three-dimensional scanners, Kinect features advantages
including ease of use, reasonable price and high scanning
accuracy. More importantly, Microsoft has launched computer
adapters and a Software Development Kit (SDK) for Kinect,
making it able to run independently without Xbox. Through
the application programming interface provided through
the SDK, software developers can directly control Kinect by
invoking a rich variety of built-in functions.

As the SDK open port cannot directly communicate with the
3D modeling software (Rhino), we use a programming design
language named Processing® to write a small program that
invokes Kinect SDK built-in functions to control Kinect. The
program also could transcode the returned data which functions

as a messenger between Kinect and Rhino.

3.2.2 Operating Method of the Module

Through the use of the program written by Processing, we
can send work instructions to the Kinect transmitter. Infrared
rays transmitted by Kinect are reflected by the sandbox terrain
and received by the Kinect infrared receiver. After computing by
the Kinect built-in algorithm, a spatial point cloud of the scanned
terrain is generated and sent back to the Processing program,
which will transcode the information through Local Area
Network protocol, in order to output data in the format that

Rhino can recognize. (Fig. 8)
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3.3 Digital Information Analysis Module

After the spatial point cloud information is input to this
module, it conducts targeted analysis of the digital model
through preset software, and outputs the analysis results in the
form of visual images.

3.3.1 Software and Hardware Components of the Module
The digital analysis module mainly consists of a computer
running a combination of data processing software: Rhino, a
powerful 3D modeling software with strong compatibility, and
Grasshopper, a plug-in that runs in the Rhino environment and
generates models from programmed algorithms. According
to different types of modeling, analysis, and performance
requirements, we can combine different components, or
commands, based on the algorithm logic to build the desired
program. By adjusting parameters of the input components,
we control the shape of the final model, or define the analysis
and presentation processes. Grasshopper’s visual programming
approach allows designers to perform complex parametric
modeling and parametric analysis and presentation without

programming skills.

3.3.2 Operating Method of the Module

Based on point cloud information, we use Grasshopper to
write a series of programs analyzing elevation, slope gradient
and aspect, cut and fill, runoff simulation, sunshine radiation,
etc. This series of analytic modules run automatically after Rhino
receives the point cloud data sent by Processing. The results of
the analysis are linked with the 3D terrain in real time. After
terrain modification, the results of slope gradient, slope
aspect, and water catchment analysis update in real time.
This feedback loop provides a clearer visual interface to help

designers achieve rational design operations.

3.4 Digital Information Projection Module

This module is a projection system precisely aligned with
the physical model coordinates. It can precisely project the
visual information outputted by the previous module onto
the surface of the model, superimposing the virtual digital

information and the real physical model.

3.4.1 Hardware Components of the Module

The core hardware of the module is a projector. Since the
projector has to be mounted above the sandbox and move
with the sandbox, it should be of small size and light weight.
In addition, to cast the largest possible image in the shortest
possible vertical distance, we chose a portable short focus
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projector, ASUS S1, with a projection ratio of 1.1:1, resolution
of 854 x 480 pixels, and brightness of 200 lumens. The
projector is mounted 70 cm above the sandbox platform, with

a projected image size of 64 cm x 48 cm.

3.4.2 Operating Method of the Module

First, we need to calibrate the coordinates of the projection
system and the sandbox model by using small wooden sticks
to set up three physical reference points in the sandbox. By
adjusting projection images of these three reference points, we
can establish the correct corresponding relationship between
the image and the sandbox terrain. Next, landscape architects
can invoke the digital information analysis modules such as
terrain elevation, slope gradient and aspect, fill and cut, runoff
simulation, and sunshine radiation, according to the design
requirements. The projector will project the image information
outputted by the analysis module to the sandbox terrain surface
as a positive projection, providing real-time assistance to the
design operation.

4 Functions and Operation Principles of the Digital
Information Analysis Module

4.1 Elevation Visualization

The interpretation of site elevation is the basis of the design.
Programs written in Grasshopper can automatically connect
elevation points in the digital terrain to generate contours. By
entering absolute or relative elevations and setting contour
intervals, we can create target contours. On this basis, by adding
screening conditions, we can even distinguish intermediate
contours and index contours. Another mode of the program
expresses elevation through customized color gradation.
Referring to the vertical color gradation commonly used in
geography, we can clearly express the elevation information.
Finally, the program can also display any point elevation in

numerical form. (Fig. 9)
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4.2 Analyses of the Slope Gradient and Aspect and Development
Suitability

Slope gradient and slope aspect are important factors which
affect site design strategies. Similar to elevation analysis, we use
programs written in Grasshopper to automatically recognize
the slope gradient and aspect of a digital terrain, and display it
in a preset color gradation. On this basis, we can also highlight
terrain with favorable or unfavorable characteristics (such as a
separate display of slopes greater than 25 degrees, which would be
unsuitable for construction) to evaluate the development suitability
of a site, further guiding the design (Fig. 10).

4.3 Obtaining Sections

Sections are visual tools for interpreting the vertical position
of the site. We can use Rhino’s native commands to directly output
section profiles of any location to illustrate the vertical information
of the site.

4.4 Cut and Fill Balance

The traditional grid method for earthwork calculation is a
complicated process and often results in errors. We have developed
a program which obtains more accurate earth-moving values by
calculating the volume change between the original terrain surface
and the designed terrain surface. The results of the calculation
are displayed in real time in the form of square grids, with data
of the original elevation, designed elevation, and elevation change
displayed in grid intersections, and cut-fill values shown in the
center of the grids. The program can also display fill and cut areas
in different colors to show the earthwork balance in a more visual

way. (Fig. 11)
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4.5 Auxiliary Route Selection

Route selection is heavily influenced by existing terrain,
especially in hilly sites. Route selection should meet not only
functional, but also safety requirements. In the design of road
alignment, we can easily avoid geologically unstable areas such
as gullies. But we also have to conduct continuous calculations in
order to meet road slope requirements. To simplify this process,
we wrote a program in Grasshopper to display the real-time
road slope gradient: designers can simply draw the desired road
route in Rhino, and the program will automatically project the
line to the digital terrain surface, forming a digital 3D model
of the road, calculating the slope gradient of each road section,
and displaying the slope on the surface with color gradation.
Designers can then use it as a reference to re-adjust the road
alignment, avoiding a great deal of complex slope calculations.
(Fig. 12)

4.6 Surface Runoff Simulation and Analysis

Traditional site catchment analysis is based either on GIS
software that focuses on qualitative rather than quantitative
analysis, or on quantitative SWMM software that is unable to
simulate real flows. The surface runoff simulation program we
wrote, on the other hand, can accurately simulate both the actual
flow (qualitative) and the catchment data (quantitative) for a
particular area. Through simulation of surface runoff, it can
reproduce the conditions of precipitation on the site. According
to the simulation, designers can also manually modify the terrain
or add facilities, thereby guiding, collecting, or releasing surface
runoff to meet the landscape architectural requirements. By
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integrating runoff length and flow loss coefficient (from infiltration,
evaporation, bio-retention, etc.), we can even obtain more practical

flow analysis data. (Fig. 13)

4.7 Simulation Analysis of Sunlight Radiation and Shadow in Site

Sunlight and accumulated temperature directly affect plant
growth and user experience on a site. Accurate information of site
sunlight and accumulated temperature helps landscape architects
achieve more rational site planning and planting design. We used
Geco, a third-party plug-in under the Grasshopper platform, to
analyze and calculate data of year-round sunshine duration and
sunshine radiation based on weather and climate information, such
as annual solar orbit and sun angle, as well as information about
structures surrounding the site. We also wrote another program in
Grasshopper to display these data in customized color gradation,
or to screen out sites that meet specific planting needs (such as sites
with greater sunshine duration or radiation), in order to conduct
targeted planting design or site design (such as adding structures for
shade, etc.).

5 Summary and Prospects

Through the introduction of CAM and AR technology to the
physical modeling environment of the sand table, “Sandbox,” a
new planning and design platform, has been created. On the one
hand, CAM technology makes it possible to accurately reconstruct
the site using a reproducible material — the sand physical model

is not only capable of visually representing complex terrain, but
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also undertaking manual design operations. Practice has proven
that people can often show more creativity when faced with 3D
objects, and the ability to manually manipulate material improves
and inspires designers’ intuition and consciousness of space. On
the other hand, the involvement of AR technology makes real-
time human-computer interaction possible. The real-time digital
information based on the recognition and analysis modules are
projected on the physical model, providing landscape architects
with real-time insight into the dynamic systems affected by their
design operations. This new operating platform greatly increases
the efficiency of the design, and vastly simplifies the traditional
“analysis-design-evaluation” process.

In addition to 3D space, time is also important for landscape:
the fourth dimension in which the life of the landscape lies.
Traditional design platforms mainly run the design operation
in a two-dimensional surface. CAM technology, on the other
hand, makes visualized operation in a 3D space possible. More
importantly, by simulating natural processes such as runoff,
sunshine, and shadows, it is possible to bring the dimension of
time into the design process in a more visualized way, allowing
landscape architects a four-dimensional operating platform.

At present, the development and utilization of the human-
computer interaction function in the Sandbox platform is only in
its beginning stages. By introducing or developing more powerful
simulation analysis software systems, the Sandbox platform will
be able to simulate more complex natural and social processes
such as soil erosion, vegetation growth, community succession,
and crowd behavior, which will undoubtedly provide more
efficient technical support to landscape architects. It is expected
that with the rapid development of digital technology, especially
virtual reality (VR) technology, in the near future, after the
popularization of naked-eye 3D technology, the physical sand
table will be phased out and landscape architects might work on
genuine virtual reality platforms as in science fiction movies. LAF

NOTE

Linghao Cai, Chief Designer of The Landscape Architecture Planning and Design Institute of Beijing
Forestry University, first produced a prototype similar to “Illuminating Clay” in 2015. On this basis, the
Digital Landscape Research Center of the institute developed the “Sandbox” platform examined in this
article.

REFERENCES

[1]  Piper, B., Ratti, C., & Ishii, H. (2002). Illuminating clay: a 3-D tangible interface for landscape
analysis. Sigchi Conference on Human Factors in Computing Systems (pp. 355-362). New York: ACM.

[2]  Hurkxkens, I., & Munkel, G. (2014). Speculative Precision: Combining Haptic Terrain Modelling
with Real-Time Digital Analysis for Landscape Design. Conference Paper of Digital Landscape
Architecture 2014 (pp. 399-405).

[3] Gerber, D. J., & Ibanez, M. (2014). Paradigms in Computing: Making, Machines, and Models for
Design Agency in Architecture. New York: eVolo.



