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Algorithmic design and evaluation of emergency
shelters
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ABSTRACT

Humanitarian architecture as a domain of architecture that deals with
people in need and has peculiar characteristics in regards to what and
how does the architect design. In the last three decades, there have
been major developments in the architectural techniques that are
currently not adopted with their full potential by the humanitarian
sector. The aim of the research presented in this paper was to develop
new methods for shelter design that have integrated automation of
various tasks and leave others to the professionals. The developed
algorithm for semi-automated design is used to make shelter study
models that are presented here. The research critically addresses the
widely accepted design standard for shelter height and area and
proposes an alternative approach for shelter evaluation.
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Introduction

This research is conducted under the themes of humanitarian architecture, emergency tents, and
computational modelling. An introduction to each of these domains is given below. Then based

on the adopted methodology design cases are presented for validation of the developed algorithms.
Then, the integrated geometry analysis procedures are used to address some of the UNHCR
standards for emergency shelter design.
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Humanitarian architecture

According to the Global Humanitarian Overview (United Nations OCHA, 2018), there are more than 135
million people in need ofhumanitarian aid. This includes the need for a shelter. The subdomain of architectural
practice that deals with shelters is the humanitarian architecture. Humanitarian architecture is

a term often used to describe architectural design activity carried out to meet the needs of people in
the urgent necessity of it that are not immediately capable of affording and conducting such service.
The usual workflow of conventional architectural practice starting from the commissioning until the
end of the project highly differs from that of humanitarian. The ‘client’ here is the vast amount of
people that in short time-lapse has suffered the loss of their livelihood and quite often are on the

verge of existence. In this regard, the humanitarian architecture prioritises design qualities that are

of direct impact to the occupant. There can be no architectural context in which it is more important
to get the human dimension absolutely right than in creating emergency shelters (Gareth Evans, n.d.).
Humanitarian architecture also differs in the following terms.

The people that use the product of the humanitarian architectural design are not usually the

ones that commission the job of doing it. Instead, it’s done by the humanitarian agencies, local
governments and NGOs. This often brings the discrepancy between what was instructed and

what do people actually need. Although this way of things has its intrinsic problems, it still remains
the prevalent method of delivering humanitarian architecture service to those in need. There is an
ongoing process of bridging this gap. Several major actors in the industry have developed and

refined standards and guidebooks to provide a benchmark for architects. It is asserted in

(UNCHR, 2016) that there is no one size fits all design method in humanitarian architecture and

that local culture and characteristics should always be adopted when designing a shelter/settlement,
however there is also a big amount of criticism (Williams, 2015) towards those major

actors saying that they try to force one solution to every case. The enforcement of the same standards
to all cases leads to a totalitarian environment that does not reflect the community living

within. An example of this is the Azraq refugee camp in Jordan that has a very non-appealing

living environment. On the other hand, the absence of the governing principles and aid brings

to chaos. For example, the non-compliance to density standard will lead to cramped living conditions
and over-population which may have devastating consequences. The terrifying example

of this can be witnessed in the Moria camp in Greece which was qualified by BBC as ‘the worst
refugee camp in the world’. The exaggerated it may seem, Moria, in fact, had suffered a great




loss of order after some humanitarian agencies revoked their services from there leaving the
responsibility to the Greek government. As a result of the overcrowded camp, there has been a
significant rise in suicide attempts among children (Nye, n.d.).

It is clear that the role of the humanitarian architect for forming the environment where the

people in need will live is very important. The humanitarian architect leverages the standards and
guides implied from the top and demands and concerns coming from the bottom.

To help humanitarian architects design more intuitively and efficiently, a semi-automated design
workflow is developed that automates the geometry relaxation setup and design validation analysis,
meanwhile leaving the creative and decisions making responsibilities to the architect. An attempt
was made to bring the developments in architectural technology of the last decade closer to humanitarian
architecture.
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Designing a shelter

This chapter will demonstrate how the algorithm can be used to design a shelter through modelled
design cases.

Due to the nature of structural elements used in the emergency shelters, the geometry of such
objects often has very large deformations, curved shapes and double-curved surfaces. In contrast

to rectilinear objects that architects can handle easily, the largely deformable objects are not

always so easy to model. The overall shape of the designed object highly depends on the topology
and reciprocal influences of one element on the other. In this sense, each of the elements has a
certain degree of uncertainty of how it is going to look like in its final shape. The shape of the membrane
cover of the tent will change depending on the type of the frame that is holding it and the

boundary conditions. So, if for example an architect adds or removes a tensioning cable for a tent
the overall geometry and the deformation of each affected element changes. Redrawing the new
state of the design can be an arduous time-consuming task. In this regard, the developed algorithm
suggests a simpler rectilinear, flat definition from the architect that defines the topology and overall
shape of the design intent. The algorithm then parses the model and redraws the actual deformation
that the model will have. The simulation is an ongoing process so it responds to any change that the
architect makes and instantly draws the updated deformations.
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Further work

As it was stated earlier the algorithm now does not perform structural analyses with real material stiffnesses.
This is an important missing part that will be addressed in future research. The proposed

heightmap calculation method will be used to evaluate existing popular emergency shelters.
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Methodology

The algorithm is developed in the Grasshopper visual programming environment where it acts as a
backend design engine meanwhile the architect uses the Rhino user interface enhanced with the
commands related to the specific task of drawing a shelter. Since the emergency shelters quite

often incorporate soft structures, the Kangaroo physics simulation engine is used for form-finding

and geometry relaxation. The workflow is separated into two parts. On one hand, there are

the decisions and design activities that require the actual work of the architect and there are the processes

that must be performed, however, they can be automated and as such are done by the
ARCHITECTURAL ENGINEERING AND DESIGN MANAGEMENT 3

algorithm itself. The architect is responsible for designing the shelter, finetuning the relative

strengths of individual elements, defining boundary conditions, cutting pattern dimensioning and
adjusting the design environment within the provided bounds, like changing precision. On the

other hand, the algorithm takes the designed scheme, categorises the elements based on their structural
types, solves the intersection events of the topology, reads the strength values, simulates the

geometry behaviour and analyses the output model to give feedback about the design performance.

As part of the implementation of the tool to humanitarian architecture, the algorithm has integrated
several UNHCR shelter design standards to evaluate the compliance of the design to those standards.
The research does not include yet the actual stiffness values for materials.
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Designing a shelter

This chapter will demonstrate how the algorithm can be used to design a shelter through modelled
design cases.

Due to the nature of structural elements used in the emergency shelters, the geometry of such
objects often has very large deformations, curved shapes and double-curved surfaces. In contrast

to rectilinear objects that architects can handle easily, the largely deformable objects are not

always so easy to model. The overall shape of the designed object highly depends on the topology
and reciprocal influences of one element on the other. In this sense, each of the elements has a
certain degree of uncertainty of how it is going to look like in its final shape. The shape of the membrane
cover of the tent will change depending on the type of the frame that is holding it and the

boundary conditions. So, if for example an architect adds or removes a tensioning cable for a tent
the overall geometry and the deformation of each affected element changes. Redrawing the new
state of the design can be an arduous time-consuming task. In this regard, the developed algorithm
suggests a simpler rectilinear, flat definition from the architect that defines the topology and overall
shape of the design intent. The algorithm then parses the model and redraws the actual deformation
that the model will have. The simulation is an ongoing process so it responds to any change that the
architect makes and instantly draws the updated deformations.
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Design cases

Hybrid frame tent

Figure 1 presents the design of a shelter that has rigid-bending active hybrid frames that hold the textile
cover. The structure is tensioned by four cables anchored on the opposite side of the shelter. The left part
shows the scheme that the architect makes. Various types of objects are given in different colours. The
design schemehas only linear and flat geometries drawn. But since they are indicated as representatives
of a certain kind of a behaviour they are deformed in the relaxed state of the geometry on the right. As
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the image shows the cables have become shorter due to pretension, the membrane switched to an
anticlastic form to reflect the acting forces, the bending active members are bent and so on. If we
compare the only things that maintained their exact positioning are the anchors on the floor.
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Bending active modular shelter structure

Figure 2 presents a modular design of a shelter that is framed by bending active rods holding the
membrane between three equilateral sides of a module. This example particularly shows the advantage
of using the algorithm since the membrane between the three frames has a very complex shape.
However, from the architect’s perspective drawing a scheme that will result in this complex shape
becomes fairly easy. Each membrane piece requires only four boundary points defined on a floor
anchor, tips of the frames and the tip of the module. The drawn modules can be replicated. The

open ends of the modular structure are tensioned with cables.
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Vaulted hybrid

The power of the proposed algorithm and method of design is also evident when the designed

scheme yields unexpected results. As for example when working with bending active members

the common way of envisioning the forms of the rods would be to draw arches with continuous curvature.
Figure 3 shows a design that has a major rod that forms the vault. The natural way of imagining

the relaxed state would be to assume a paraboloid looking arc. This would be in the case when

the rod has very high bending resistance. But if we decrease the bending resistance the membranes’

and cables’ tensions may start deforming the arc. As it’s shown in the image the rod has deformed in

a way that the direction of the curvature is changing along the way based on the balance of the

forces compared to its bending resistance.
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X rod shelter

Figure 4 shows a shelter that has bent rods to hold the membrane. The interesting part here is the
different types of interdependencies of various segments of the rods that are drawn as lines in the
scheme on the left. The following three scenarios are presented within this model.




(1) One segment continues the other as an internal sequential segment of the same curve. This is

true for the longitudinal sides of the angular curves that span the shelter. They are drawn as polylines.
The polyline is then segmented and tries to straighten up itself by opening the angles

between each segment.

(2) The x-like intersection of the two polylines. Whenever two polylines intersect within a given
tolerance, and intersection event is taking place. The algorithm makes sure that the intersection

point is added to both polylines and the two corresponding points are bound together to
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make sure they hold together throughout the simulation. This behaviour is also true for the
other type of intersections cable-cable, rod-cable, rod-rigid etc.

(3) The end to end intersection of the entrance arch and the vault arcs where an anchor is also
placed. In this case, although one segment can be thought as a continuation of the other the
two intersecting parts are not part of the same polyline and will not apply bending resistance
at that point. Therefore, there will be no continuous curvature at that point.
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Geometry analysis

The resulting geometry of the simulation is passed through several analysing processes. This includes:
.The creation of a rod curvature graph with curvature values at every point on the rod that is

created from intersection division and further subdivision Figure 5.

.Drawing the coloured mesh based on the evaluated curvature (mean/Gaussian) at the

mesh topology points. This is done alternatively through 2 different modules. The first one

developed during this research is a method to translate a mesh to a NURBS surface, evaluate

the curvature then map the curvature values back to the mesh as a parameter for

colour-coding. This method, however, has its limitations so an alternative is to use is a Mesh
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Curvature package developed by Petras Vestartas (Ayres, Vestartas, & Ramsgaard Thomsen,
2018) Figure 6.

.Comparison of the lengths of the mesh edges to their initial state and a coloured wireframe
diagram to show the parts where the edges were elongated or contracted Figure 7.
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Cutting patterns

The transformation of meshes to NURBS surfaces is also used in order to create the cutting patterns

for fabrication. At first, the longer side of the surface is determined. Then a new quad mesh is recreated
based on the given cutting pattern dimensioning preferences. The stripes of quads are

extracted, unrolled, reoriented to a distribution grid. The welding slits are added and a numbering
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sequence is created to show the corresponding positions on the 3D map of the cutting patterns
Figure 8. The finalised patterns are then nested onto given fabrication sheets with the help of the
‘Open Nest’ algorithm by Petras Vestartas Figure 9.
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Compliance to UNHCR norms

There has been a number of publications from various entities that define standards for emergency
shelter design. Widely accepted standards are developed by big humanitarian actors such as UNHCR

(The Sphere Project, 2015; UNHCR, 2000, 2006).

This UNHCR standard defines that the area per person inside the shelter should be 3.5 m2for hot
climates and 4.5 mzfor cold climates. It also defines the standard for the height to be 2 m at the

highest point (UNHCR, 2006). Those standards, however, do not describe much about the quality of

the space within the area and height limits. Figure 10 shows three different section diagrams of shelters
that all comply with the standard of 2 mat the highest point. They may also have the same area underneath
the roof. However, it is evident that some sheltersmay have superior comfort compared to others

due to their shape, notwithstanding the fact that standard-wise they all are equally good.

The covers of shelters are often made of technical textiles. Those have inherent structural

characteristics that predetermine the shapes that they can have. And those surfaces often have nonflat,
anticlastic shapes that ensure tension in both opposite curvature directions (Bradatsch et al.,

n.d.). This means that the geometry will consequently have varying height and as such the singular
dimension of the height at the tip of the shelter will not be sufficient to describe the height of the shelter.
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In order to better describe the quality of the shelter in regards to its height, a measurement method
is proposed that is also integrated into the design algorithm to give instant feedback to the designer.
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Measurement method

The proposed method requires the algorithm available at hand to execute height measurement compared
to measuring the just the tip height of the shelter, however it provides qualitative and quantitative
insights on howwell does the given design work. Given the fact that the shelters are limited in space, the
deeper analysis of the shelter’s internal geometry is necessary to ensure better living conditions inside.
Since the element defining the covered area are surface elements the analysis is based upon

meshes that represent the cover of the shelter. At first, the convex boundary of the shelter on a horizontal
plane is determined. The convex boundary serves as a plot for populating the measurement

points. An almost quadratic grid is created within the bounds of the convex boundary. The precision

is controllable by the architect. Each quad of the measurement grid calculates the distance of the four
corners to its vertical projection on the cover. Then the four corner values are averaged to represent
the height at that quad Figure 11.

The heights’ dataset is then visualised by the following means:

.A controllable colour diagram is created that defines the lower and higher bounds for the
measurement and the interpolation steps for the data. Usually, the higher bound should be

coloured as the standard towards which the shelter is designed. A bar chart is created to represent

the percentages of the area that fall under each of the height steps. This is crucial for understanding
how much of the area is applicable for various type of activities that require a certain height

(sleeping, cooking etc.). Also, the covered total area, the highest point and the number of people

the can fit inside (according to the standard) is given Figure 12.

.A plan view is drawn that incorporates the data of the heights represented with the coloured

scheme at every measurement quad. This can serve for multiple purposes, like identifying the

parts where a human can pass, the areas that are inefficient for a certain type of activity and so

on. It can serve as a tracing layer for floor planning Figure 13.

.Lastly, a floor plan diagram is drawn that represents the cover of each membrane piece and shows

the areas where the height of the membrane is lower than the given threshold. This threshold can

be indicated independently from the height colouring graph Figure 14.
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