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Abstract. One way to understand the mugamas phenomenon is by establishing types according to some
attribute values, analysis of which, as well as those found common to the type, in relation to other similar
studies would later explain issues of form evolution, origin, cte. This paper represents one such study. It is
divided into three parts. The first defines "Structural Genuine-Mugarnas Dome" as a distinct type, that has
been included along with other types under "muqarnas dome”. The sccond analyzes this type's unit system.
The third presents an algorithm of a computer generation system  for this type. its advantages, and some
outputs of a test program.
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Introduction

One way to deepen the understanding of the phenomenon of muqarnas and the relation
between its different forms is by establishing types according to certain attribute values'
that are under consideration, then to analyze any other attribute values that are common
to all members of such type. The results obtained from each study will provide a group
of information whose relation to results of other studies would eventually explain many
unsolved issues of muqarnas like form evolution by time, origin, etc. A complementary
study would then be done to present the common attribute values of the type in hand in a
generic way and accordingly create a computer generation system that can produce
forms belonging to this type. Some of these would resemble its existing
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members, while others might represent some forms that once existed or totally new
forms. Out of these outputs, and the abstract mathematical analysis used to create them,
links to other muqarnas forms and their evolution process could be established. This
paper represents one step along this course.

1. Type Definition

The type that will be defined here is one that has been looked at only from the
perspective of the "mugarnas dome" type, thus its structural quality, which is one of its
defining attribute values, has never been studied in depth for the reason that the majority
of the members of "muqarnas dome" type are purely decorative. That is the reason why
this part will start with a discussion of these two issues.

The term "muqarnas dome" has been assigned to all domes associated with
muqgarnas in one way or another, and it was referred to in many scholarly works as a
"type" of muqarnas®. Only one attribute was considered when establishing this type. It is
"the form in which muqarnas was applied." Two of its members were thus the mugarnas
over the mausoleum of Imam Dur in Iraq and that of al-Qarawiyyen mosque in Tunisia.
Although all other attribute values of these two forms are different as seen in Table 1°,
this single-attribute type was considered as a standard class and conclusions of different
issues were generalized to include all its members, including these two. An obvious
misleading consequence can be seen in the issue of the origin of mugarnas domes, where
the categorization of these two specific examples as one type, led some recent
researchers to conclude that the origin of the muqarnas dome is Iraq as the older case is
found there, and to refute the earlier theory of multiple origins®. Another consequence was
the association of one meaning to these two and all other members of this type.

Table 1. Comparison between Al-Qarawiyyin mosque’s Mugarnas dome and Imam Dur’s

Al-Qarawiyyin mosque

Mausoleum of Imam Dur

Date
Location
Function

Plan

Layout
Focal points

General profile

Units

Architectural
hanged role

1142
Tunisia
Mosque

Rectangular, no distinction between the
dome and its tranzitional zone

Major orthogonal grid composition
Main and multiple minor focal points

No profile of a certain type of dome but a
formation of many units eventually
culminating in the central point

Many small units of different forms

Units are added or to the structure,
themselves are decorative

1090

Iraq

Mausoleum

Circular, with a clear distinction between
the dome and its transitional zone

Radial, star composition

Single focal points

Overall conical profile both internally and
externally

Big Units different in size but similar in
form

Units compose the structure with a layer
of intricate decoration added uniternally
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can be cleared out by considering the section of the part of the dome that is continuous
around its vertical axis, which could be arrived at by considering different vertical and
horizontal sections of the dome and taking the common part between all of them. Within
the boundaries of such section, if another section of any continuous type of domes (e.g.
conical or round) is found with acceptable visual proportions through which joads would
transfer, then an argument can be raised that muqgarnas is like a cladding for some type
of a continuous-surface dome (such conceptual section can be seen in Fig.1-a); if not,
then it could be concluded that such mugarnas plays a definite role in load transfer
(Fig.1-b)".

b

Fig. 1. Conceptual sections of the parts continuous around the vertical access.

This domain would clearly classify its muqarnas instances as "structural" because
mugarnas parts are the only media through which loads could transfer down, and as
genuine because it is visible internally and externally. Thus, the term "Structural
Genuine-Mugarnas Dome" will be adopted, from now on, as a title for this type.
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The first case study of this paper that satisfies these values is the dome over the
mausoleum of Imam Dur on the Tigris, Iraq. Dated 1085-1090° it represents the earliest
known example of this type and of any muqarnas dome at all'’. The most comprehensive
set of drawings was produced by Herzfeld"'. Figure 2 shows new roof plan and plan and
two vertical sections, of only the dome, based on Herzfeld's'%.

a. Roof plan b. Plan looking up

c. Absiacﬁon r/’-m\-\
3 \
4

d. Section A-A e. Section B-B

Fig. 2. The dome over the Mausoleum of Imam Dur.
This is a single shell dome composed of mugarnas units that, apart from obvious
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intricate decorative cladding superimposed on the interior and which do not change the
general appearance of the muqarnas, echoes its interior in the exterior. The section
clearly shows that muqamas parts are the media for load transfer. In Fig.3 the load
transfer lines are shown for each tier, the whole structure, and a single unit (for ease of
reading the drawing only half of the dome is drawn).

a. Load transfer lines of

each tier with the unit outline.
b. Load transfer lines (separated
c. Load transfer lines (joined)
d. Load transfer lines of one unit

Fig. 3. Lines of load transfer in Imam Dur’s Mugarnas.
The second case is the muqarnas dome over the tomb of Zumurrud Khatun , also
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known as Sitt Zubaida'. It represents the best example of its "type" according to many
researchers'. It belongs to the late twelfth or early thirteenth century (around 1200)",
almost a century and a half after that of Imam Dur. During this period of time, the
maturity of form reached its peak. Again, a complete set of orthogonal drawings, which
includes a roof plan, a plan, an elevation, and a section, was produced by Herzfeld'.
Upon reviewing these drawings, and cross examining the data provided within, it
appears that Herzfeld made an approximation in portraying the external boundaries of
the section he provided from tier 8 up to 1'". This can be seen when superimposing the
section on the elevation and reading data from the roof plan. To a degree this is
understandable, and maybe acceptable for general purpose studies, but for this research's
issue of assigning the "structural" quality for the mugqarnas in hand, a more accurate
section was needed. That is why the drawings were reproduced on the computer based
on Herzfeld drawings, verbal descriptions of different researchers'®, and photographs, as
an actual survey was out of hand. Figure 4 shows the plan, roof plan, and two sections,
one taken longitudinally re-portraying that of Herzfeld's, the other taken along the center
of the dome and rotated at 11°15' from the first one, and passes proper through all tiers
of mugarnas unlike the first one whose cutting plane is not aligned to tiers 1-3. Three
points made these drawings an acceptable reference for further analysis of this case, they
are:

1. The assumption that other drawings have a good level of accuracy and are
reliable, being produced by a researcher with such reputation and credibility in the field
of Islamic architecture throughout his lifetime.

2. The fact that the issue of this study that depends on actual accurate data of the
case, is determining whether its mugarnas is structural or not, which conclusion can be
drawn from the parts of the section with no approximations (as will be shown later), and
supported by the new group of drawings.

3. As for the purpose of arriving at a generic unit for creating this type of muqarnas
form, the analysis of the form and its units seeks its descriptive qualities rather than its
quantitative values. Consider a star composing edges of a unit; the issue would be the
number of its points, the way they are connected, and what relation the star has with
other shapes rather than its actual dimensions. In this aspect the descriptive qualities
within the drawings are reliable as supported by external and internal photographs of the
building, as well as verbal descriptions.

, This dome itself is a single shell dome, composed of muqarnas units whose interior
echoes its exterior. Taking 10 horizontal and two vertical sections in tiers 10 and 9
would end with the section shown in Fig.5-¢ which is the one circumventing the central
vertical axis of the dome, and which, in reference to discussion of Fig.1-b, shows that
the only media for the loads to transfer is through the jaggy form of the muqarnas units.
Also superimposing the two sections of the whole dome will give a rough section of the
continuous part of the whole dome around its vertical axis, which supports the
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conclusion of structural role (Fig.5-d). The reason for doing this in two steps is the
approximation in Herzfeld's drawings mentioned above. The first step involved the two
tiers with no approximation, and as long as they are the lower ones, loads from above
have to pass through them (i.e. are structural). According to this and to the second step

of superimposing the new sections, the structural quality can be assigned to this
mugqarnas dome.

b. Plan looking up

© O N OO, OND-—
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d. Section A-A c. Section B-B

Fig. 4. The dome over the tomb of Zumurrud Khatun.
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Horizontal sections of the
continuous part of tiers 9-10.

er 9

¢. Section of the
continuous part of
the two tiers.
No internal
shell is found.

Fig; 5. Structural quality of Zumurrud Khatun Muqarnas.
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d. Approximate
continuous section
section resuiting
from superimposing
the two vertical
sections of Fig. 4.
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There are 13 tiers of muqarnas, only ten compose the dome, the other three work as
a buffer between the dome and the octagonal building base.

These two cases were chosen because one represents the earliest prototype and the
other a highly mature model of the type. The other examples shown in Table 2 seem also
to be members of this type. Although a further study to confirm their structural quality
has yet to be conducted, all other similarities (shown in the table) make it justifiable to
consider them as members, at least till any further study proves the contrary.

Table 2. Potential members of the S.G.M.D. type

Building Date Function  Materials  Location  No. of Lowstars Changing
tiers ** No. of points _points tier
Mausoleum of 1235 Mausoleum  (?) Iraq: 12 16 S
Al-Shaikh* Baghdad
Al-
Sahrawardi
Mausoleumof 1st Mausoleum  Stoneand  Iraq: Haditha 10 ‘ 163
Al-Shaikh  quarter stucco
Hadid 13th
century
Mashhad Ist Mausoleum (?) Baked Iraq: 14 24 6
Ashshams  quarter brick Al-Hallah
13th
century
Mausoleum of 1st Mausoleum  (?) Iraq: 13 16 non
Imam half Daquq
Al-Bagir  13th
century
Tomb of 1200 Mausoleum  Baked Iraq: 10 16 4
Zumurrud brick and Bghdad
Khatun stucco
Mausoleum of 1090 Mausoleum  Baked Iraq: Dur 5 8 non
Imam Dur brick

* Currently this dome is of two shells but the internal one is a later addition. Atta Al-Hadithi and Hana A.
Khaliq. Conical domes: 41.
** Tiers counted are only those visible from outside.

Another attribute value that is found common to all members of this type is the
plan layout. It could be seen as a type definer’. The plan of each member is a radial
composition of concentric stars, with every other one rotated so that its external points
will coincide with the internal points of the previous one. Consequently, the number of
points of all the stars are either equal, or some inner stars will have their number of
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points equal to half that of the outer ones by means of extending some lines of one star
(which is refereed to as "changing points tier" (Table 2). Further analysis of this attribute
value lead to the unit analysis of this type which will be introduced in the second part of
this paper.

As a summary to this part, the following is a definition of the "Structural Genuine-
Mugarnas Dome".

"A type of muqarnas that is structural, reflecting its interior to the exterior, and
whose formation is based on a plan of radial composition of concentric stars®.

2. Unit Analysis

One of the most important characteristics of any muqarnas form is that it is
composed of units?'. The study of the unit system of different types of mugarnas would
shed light on the issue of form evolution. The purpose of this current study is to provide
the raw materials of structural genuine-mugarnas dome unit system for such further
studies. Before attempting this, a clear distinction between the "geometrical unit" and the
"erecting unit" must be drawn.

Geometrical units are deducted when only geometrical qualities are considered and
accounted for. They might or might not be the units used to actually build up and erect
muqarnas (whether decorative or structural), which are here referred to as "erecting
units". Geometrical units are not the same for all types of mugarnas, each type, some
times each case, has its own set of units. In terms of form and size they can be
categorised into many groups’. Three patterns of relation between geometrical and
erecting units can be seen: The first where they are identical, as seen in some faience
mugqarnas as in the entrance portal of masjid-i Shaykh Lutfallah in Isfahan; the second
where the geometrical unit is composed of many erecting units, as seen where bricks
were used as erection units of mugamnas; the third is where the structural unit would
contain more than one geometrical unit (some times parts of geometrical units) as clearly
seen in the stone muqarnas portals of Anatolia and Syria where the erecting stone units
are larger than the geometrical units which are carved and contained within. This is
applicable for any type of muqarnas whether decorative (where cells or carvings are
prepared and used) or structural (where the geometrical unit's form is structurally
active).This study will consider only the structural genuine-mugamas dome's
geometrical unit, as the issues of form and form creation are sought.

2.1. Unit analysis of Imam Dur case

The horizontal sections in Fig.6 all have sixteen axes of symmetry. Accordingly the
first approach in arriving at the basic geometrical unit will be considering the parts
contained within two of the sixteen axis of symmetry as one unit. This will end up with a
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two-units-based system each being a mirror image of the other. If one-unit system is
sought, then the parts contained within two of eight-axes of symmetry should be
considered as one unit. Such a unit is the combination of the previous two. Two
combinations are found. Figure 7-a shows the two-units-based system, (b) shows their
first possible combination in one-unit system, and (c) the other. Any of these
possibilities can be considered as the geometrical unit(s) for the structural genuine-
mugarnas dome because they would work the same in dome load transfer. Nevertheless,
in this paper the second combination in the one-unit system (c) in adopted. The reason
for this is the consideration of the single unit qualities in addition to its function within
the dome system of load transfer. These qualities include unit stability and form unity or
continuation. For unit stability, the one unit system in (c) is preferred to the other two
because it provides a wider base area, for the centroid's (most probably in this case it
coincides with the center of gravity) base-projection to fall in, in relation to the volume.
In terms of form unity or continuation, the adopted unit (c) has one continuous curved
surface with clear edges, while (a) and (b) have half curved surfaces , thus (c) would
imply one united, continuous form.

The unit has a plane top, base, and sides, as they are its media of contact with
neighboring units. When eight units of the same size are assembled as one tier via their
sides, the radius inscribed within the top of this tier is smaller than that within its base,
and is equal to the circle inscribed within the base of the next tier. By piling the tiers of
the three different sizes of units on top of one another, the top inscribed circle grows
smaller until it is finally covered with a small (cap) dome. This technique of covering
the area under such dome can be clearly seen in the abstraction of the internal plan®
(Fig.2-c), which shows four egght-pointed stars embedded within each other, and every
second star being rotated at 22 30" so that its outer points would coincide with the inner
points of the previous star. The unit's internal side is composed at the base of two
outwardly-directed edges of one star, and at the top of the corresponding two inwardly-
directed sides of the next star. Thus it works as the media of transfer between the two
stars in the plan as well as in the third dimension. The connecting surfaces between the
two edges are two curved surfaces joining the two base lines to the middle point on top
and two vertical planes joining each of the two top lines and the corresponding end point
on the base, complementing the curves. The external side's top edges correspond to
those of the internal and are parallel to them, while the base edges are replaced by a
curve converting the total external base shape to a flower rather the a plane star. This,
along with the fact that the endpoints of this curve do not start exactly from the points
the star replaced by this curve would have started, but leave a small distance (most
probably for practical building reasons), gives an overall richness to the form, and
makes the task of perceiving and understanding the form even more difficult.
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base
area for centroid's
projection to fall in

a. Two-unit-based system.

b. One-unit-based-system
first combination.

¢. One unit-based-system
second combination.

Fig. 7. The unit systems.

2.2. Unit analysis of Zumurrud Khatun case

The plans of tiers (5-10) are of 32-axes of symmetry, the rest are of 16-axes of
symmetry. In order to arrive at a one unit based system only 16 and 8 axis of symmetry
are to be considered; the same approach adopted in Imam Dur's case. Figure 8 shows a
table of the units of each tier composing the dome. The following are some observations

on this table.

2.2.1. Units of tiers 10-5 are based on 16-pointed stars, while those of 4-2 are based
on 8-pointed stars.

2.2.2. The top front** edges of the units are not necessarily parallel to the rear ones,
thus they belong to stars of different joining systems. This can be seen in tiers 10, 8,
6,and 3.
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—— hase of the tier
top of the tier

Fig. 8. The unit of each tier of those composing the dome over the tomb of Zumurrud Khatun, along

with the plan of each tier.
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2.2.3. An additional feature is added in some units, which is slicing the rear wedges
of the unit with a curved cut that is perpendicular to the side edge, so that the two sliced
surfaces of two units will constitute one continuous surface when assembled beside each
other (Tiers 8, 6, 5, and 3).

2.2.4. Units of tiers 10 and 9 have their rear curves replaced by two lines, it could
be perceived in a similar way by representing a circle with a polygon in computer
graphics.

2.2.5. In units of tiers 10, 9,and 2 there is no distance left between the end points of
the rear curve and the rear points.

2.2.6. The unit of tier 4 has its base based on 16-pointed star while its top on 8-
pointed stars, reducing the number of points in half. It appears to be as if composed of
two units of a 16-pointed star base along with a small internal unit that fills their in-
between angle, and projects forward in alignment with the front lines of the two units,
thus when assembled with the other 7 units an 8-pointed star will be composed.

2.2.7. A sort of a ring that is star shaped is found between each two tiers of the
dome. Its shape is identical to the interior and exterior of the dome in the position it is
placed, but projecting outwardly in the exterior. It can be also viewed as a ribbon
surrounding the base of each tier®,

2.2.8. Finally, a small ribbed cap dome covers the top (tier 1).
2.3, Structural Genuine-Mugarnas Dome's Unit types

The mugarnas dome of this type is usually built on or corbeled over another
transitional form (e.g. squinch or even some other type of muqarnas). This study is
concerned with the mugarnas of the dome and not with the transitional zone bellow.

The units of this mugamas type can be classified into three basic generic units.
They will be referred to from here on as "Basic Unit", "Reduction Unit", and "Top Cap
Unit". Each will be discussed separately.

2.3.1. Basic Unit

This is the essential unit for this type of mugarnas, encountered in all of its members.
That is why reference to it was made as "basic". Its top, base, and sides are flat as they are
the media of contact with neighboring units. A certain arrangement of stars centred at the
center line of the dome at different heights determine the shapes of its front and rear faces.
In addition to the number of points of those stars, the unit has many variables, which values
can be altered widely. Accordingly the actual end units can vary endlessly.



Structural Genuine-Mugqaras Dome: ... 33

In terms of the three dimensional form, the "basic unit" can be broken down, for
analysis, into four simple elements, two of which are solids (or mathematically have
positive values), and the other two are voids (negative values). The unit is thus looked
upon as being composed by adding the first two forms together, and carving out the
other two. Nevertheless, the existence of all four elements is not necessary for creating
the "basic unit", as two are optional and examples can be seen with the absence of one or
both. They will be referred to as element A, B, C, and D. They are shown in Fig.9 along
with their combination into one form (i.e. a "basic unit").

0 g

Element A

U Element C
| 4

A
U U Element D

Fig. 9. Basic unit composing elements.
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2.3.1.1. Element A: A solid vertical prism. Its plan looks like a chevron whose two
side edges are not parallel, but directed towards one point, which is the center of the
dome. Its front and rear edges belong to two different stars with the same number of
points. These stars can be similar (i.e. created by skipping the same number of points)*®,
thus the rear and front edges of the chevron will be parallel, as in the case of all Imam
Dur's units; else the edges will not be parallel, as in units of tiers 10, 8, 6, and 3 of
Zumurrud Khatun. As a polygon is a star created by skipping O points when joining
them, the rear edges of the chevron thus might appear as one straight line (which is the
edge of a polygon that is of same number of points the dome is composed of at that tier).
The unit of the fifth tier of Imam Dur's case, where the rear edges belong to an octagon,
belongs to this type.

Element A is an essential element of the basic unit, its different values can vary,
but it cannot be absent.

2.3.1.2. Element B: A solid created by the revolution of a curve around a vertical
axis positioned at any point along the center line of element A, and bounded by the rear
"V" sides of its prismatic chevron. Its lower base edges can be equal to the rear edges of
the chevron plan in A, as seen in the units of tiers 10, 9 and 2 of Zumurrud Khatun; or
smaller in size as in the rest of the units. As a curve can be represented by a number of
straight lines, some units can be produced with the curve replaced by two edges as in the
units of tiers 10 and 9 of Zumurrud Khatun.

Element B is not essential for creating the basic unit, as seen in the case of the unit
of the fifth tier in Imam Dur's case.

2.3.1.3. Element C: A void composed of two parts, each being a mirror image of
the other. They can be visualised as sections of half vaults cut by two vertical
intersecting planes in the acute angle area.

In the plan, element C is a thombus or a barley kernel shape. Its front base edges
coincide with those of element A, but at some times are smaller in size, while its rear
edges belong to another star with the same number of points, rotated at an angle equals
to (180 / number of points), thus its inner points would coincide with the outer points of
the star composing the front edges.

The two parts mentioned earlier will be mirrored along the center line of element
A. The half vault section will be taken by placing the base edge of the vault along the
rear edge of the element's plan, while the front edge of the corresponding part of element
A along with the mirror plane will be its cutting surfaces.
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This is an essential element for creating the basic unit.

2.3.1.4. Element D: A void which resembles slicing a piece out of the rear corner
edges of the chevron in element A. The cutting curved surface is vertical to the sides of
the chevron so that when two units are assembled beside each other one continuous
surface will be created.

This void is not an essential element of the basic unit. Examples of its existence are
the units of tiers 8, 6, 5,and 3 of Zumurrud Khatun.

The relative relations between these four elements creates many variable of the
basic unit, which values can be altered to create endless combinations. Figure10 shows
two views of an example unit with these variables indicated.

Using this analysis, the seemingly awkward unit of the fifth tier of Imam Dur's case
can easily be recognized as a "basic unit". Even the usual squinch, which example can
be seen in the transitional zone of Imam Dur, can be interpreted as a basic unit with
special variable-values (Fig.11)”.

2.3.2. Reduction unit

This unit can be visualised to be composed of three elements. The first two, are
basic units joined at their sides, the third is an element filling the angle created between
their two neighboring front faces. In plan, the third element looks like a barley kernel
shape, whose two rear edges being the two neighboring front edges of the first two
elements, while its front edges are the extension of the two far front edges of these
elements. This third element is composed of five points and five faces. The top four
points are those of the plan with an elevation equals to that of the top part of the other
two elements, while its fifth point is the rare point of the plan with the elevation of their
base. All of the three top front points are connected to the base point via a curve, while a
vertical line joins the top and base rear points. Its five faces would thus be: the top,
composed by joining the four top points; the two front faces, each bounded by one top
front edge and the corresponding two curves; and the two rear faces, which are identical
to the two neighboring front faces of the first two elements and the media through which
it is joined to them. If the other two elements, which are two basic units in form, have
their own A and C elements of different heights; then a vertical prism, with the plan of
the third element and a height that is equal to the difference in these heights, is added on
top of the third element. Figure12 shows three-dimensional views of a sample reduction
unit (a), along with a plan of its three composing elements (b), and a diagram of the
reduction concept (c).
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Fig. 10. The variables of a basic unit of SGMD.



Structural Genuine-Mugqaras Dome: ...

a. Tie 5 unit.
Special values:
* absence of
rare surface.
* OQuter star
is O (Octagon)
b. Squinch.
Special values:
* Absence of
rare surface.
* Quter star is
oriented
outwardly.

Fig. 11. The squinch and the unit of tier 5 of Imam Dur’s dome as Basic units.

a. Two 3D views

TS

Reducing a 20-points
star into a

b. Components 10-points star

Fig. 12. Example of a reduction unit.
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Accordingly the reduction unit has its base belonging to a star of certain number of
points, and its top front edges belonging to a star of half that number of points. Needless
to say that it would exist only in cases where the base number of points is even?.

2.3.3. Top cap unit

This is an actual small dome, used to cover the opening left within the most-top
tier, as no total covering can be achieved by either of the two previous units. The reason
for this is that stars embedded within each other, diminish in size according to certain
ratio that is never equal to zero, thus an opening is always left.

From inside, the top cap dome takes a sort of a ribbed form whose base matches
the star below. From the outside, it can be any sort of dome, ribbed, round, elliptical etc.
Accordingly only its interior has a rule of formation, while the exterior is left to the
designer. Figurel3 shows samples of this unit.
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3. Computer Generation System

The above analysis demonstrates that the structural genuine muqarnas dome is a
type whose members are created according to geometrical relations and clear rules. One
of its basic variables is that it is based in plan on concentric stars. Each time the number
of points of a star differs, a new member is created. Many other variables also determine
the creation of new members like the type of the unit, and the variables of each unit.
This mugarnas type, still, has much to offer in terms of the design of new forms. That is
why the attempt was made to computerise its design process. This will facilitate the
creation of new structural genuine muqarnas domes. Even architects with no knowledge
of the rules of its creation will be able to create new designs. This was done using the
concept of generation systems.

3.1. The meaning of a generation system

A generation system is an abstract representation of a type that contain many
members. It is composed of units, with a lot of alternatives for each, which could, if
properly combined, generate all possible members of the type. The concept of a
generation system is not new. It was described first by Aristotle in "Politics” and since
then applied in many fields®. It works as a prototype from which different actual forms
can be created.

Computer Aided Design programs prove to be an excellent tool for applying such
generation systems. For a certain type of composition the different variables would be
stored, along with the rules of their combinations. The user would alter the values of
these variables and the program would make the calculations accordingly and produce
the forms.

A computer generating system for creating structural genuine muqarnas domes
was written. Following is a description of the program.

3.2. The program

The program described in this paper is a computer generation system for producing
the Structural Genuine Muqarnas Dome type. The general conceptual structure of this
type is constant for all of its members. It is composed of tiers, each of which is
composed of units. The units of a single tier belong to one of three types (basic,
reduction, top-cap), each unit has many variables and is created according to certain
geometrical rules. This system's variables ranges form the number of tiers to the very
specific variables of each unit.

The program operates from the single unit level up to the whole structure
(simulating the process of building). Its operational system can be summarized in the
following steps. (Fig.14 is a flow chart for the program and Fig.15 is a sample run).
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Fig. 14. Flow chart of the structural genuine-muqarnas dome’s computer generation system.
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1. For the first tier the unit type is always a basic unit. The program prompts the
user for the number of points of the star he wants to build the dome according to. In the
subsequent tiers this will be constant, except when the user decides to use a reduction
unit (then the number of points will drop into half).

2. The program prompts the user for the values of the variables of the single unit,
like the values of different radii, heights, etc. According to these data, the program
carries out the necessary mathematical calculations, and defines different groups of
points, and surfaces that describe the geometry of the unit. These groups are shown in
Fig.16 for both the basic and the reduction units. According to these data the unit is
created.

3. Tt creates the whole tier by repeating the unit number of times equal to the
number of points for that tier.

4. Tt prompts the user for the type of the unit to be used for the next tier.

The steps (2-4) will be repeated. Each time a tier is designed, it is added on top of
the previous ones.

This process will continue until the top-cap unit type is chosen or when the user
terminates it at the end of step 4.

The user can enter the different values by means of typing them, pointing them
visually on the screen, or choosing form a range provided by the program (which is
calculated according to the data in hand). He does not need to be an expert in the system
to create such a dome. The data can be entered in any value, and if there was any
contradiction between some values the program will ask for modification. The variables
of the unit are divided into two parts: global variables, which are almost constant for the
whole process, or at least for a group of tiers (like the curve shape and number of
segments); and tier local variables, which can be changed for each tier (like radii values.
unit height etc.).

The different variables and the interaction mode between the program and user car
be seen in the sample run of Fig.15.

The program was written in AutoLisp language, which is a programming language
for the AutoCad system, under the Windows environment.

3.3. The advantages of the program

Such a computer program has many advantages, some of which are listed below:
1. It is a tool for producing new structural genuine muqgarnas domes for today":
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architects. The wide range of different forms that can be designed by the program,
indicates that this type has much to offer in terms of form experimentation for toady's
architects and designers.

2. Tt can provide a sort of a "blue print" of form for existing cases. This can be
produced according to approximate data and visual observatlons at early stages of any
excavations of this type of muqarnas. -

3. Many records of buildings in Islamic architecture are available in written form
of historical literature, which is neither complete nor architecturally accurate®. In other
cases researches arrive at such data from other artistic expressions like miniatures’,
which again are very sketchy. Variables would be supplied according to such data, and
historical contexts of the example in hand, unavailable data would be provided in
different values; obtaining more than one approximation of such forms.

4. The wide range of outputs along with the related analysis may constitute a step
in understanding other types of mugarnas, and drawing the general muqarnas types
relation scheme in later studies.

Figures 17 and 18 are two outputs resembling the muqarnas of Imam Dur and that
of Zumurrud Khatun.

Figure 19 shows an example where two reduction units are used, reducing the
points from 32 to 16 to 8.

Figure 20 illustrates how this type can be related (internally) to other muqarnas
forms in the transitional zone of domes” This example is achieved by reducing the
number of the points skipped in creating internal stars until the polygon is reached, that
where a dome would be placed.
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Fig. 18. A “blue print of the S.G.M.D. of Zamurrud Khatun case.
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Conclusion

This study represents only a part of much greater work that must be conducted
before clear and final pictures of muqarnas characteristics and attributes can be drawn.
Therefore, it calls for establishing proper typological strategies to be adopted in further
studies, and recommends the use of comiputer generation systems in result-
representation, for they can be powerful in revealing different patterns of form relations.

The computer program can also be expanded to include more attributes of this type
(historical, geographical, the function of the space, engineering attributes etc.) for the
purpose of further analysis in other criterion.

As for the units of this type, it recommends the use of the units deducted here as an
actual building unit, with some modifications, for new domes of this type. The computer
form manipulation, Cad-Cam, and mass production capabilities might prove that such
units, which need no centering, would be a very fast and convenient way for dome
erection. '

Acknowledgement. 1 would like to thank Dr. Mitsui Hediki for his supervision and
kind support, Dr. Hidaka Kenichiro, and Mr. Timothy Weeks for kindly checking the
English text of this paper.

Content Notes

"The word “attribute” is used to refer to a quality of muqarnas that can vary in different forms, like
"materials" which can be stone, wood, stucco or else; thus the "attribute value" is the value of that attribute in
a certain case(s). On the other hand, a constant quality for all mugarnas forms, like being three dimensional or
composed of tiers and units, is referred to as a "characteristic" of muqarnas.

2Other methods of studying mugarnas ranges form analyzing a single case to attempting the study of a
certain issue of muqamas in general (like the origin) without reference to types. The one adopted here is
believed to provide a very well defined range for the study, from which more concrete results can be
obtained.

3This categorization of so many different domed forms into one category of "muqarmnas dome" because
they are associated with mugarnas, can be seen to have begun by Herzfeld in his analysis of many domes in
Iraq, Iran and Syria, published in [1] and [2].

“Compare Fig.2 of this paper and Fig.36a of [3].

SThere the author refuted an earlier argument by Henri Terrasse that Al-Qarawiyyin mosque's
muqarnas is a local development, and gave Imam Dur's as its earlier prototype, on bases that they both belong
to the "muqarnas dome" type.

°It is not stated that it is a structural necessity though.

"The choice of the attribute values for any study is dependent on the purpose of the research and the
criterion it intends to investigate.
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®It should be noted here that if one vertical section of the whole dome contained no continuous shell
section within, then there is no need to consider more sections as structural quality would apply.

°It is to this range that most researchers date this building. See [2,p. 20],and [7,p. 20].

Although a form with this degree of maturity would imply the existence of earlier models, there are
no available data of any.

""Most researchers agree that this tomb belongs to the mother of caliph An-Nasir Li-Din Allah;
Zumurrud Khatun, died on 1199 AD- 599 H., and the name Zubaida is a deviation of Zumurrud [7,p. 27-28,
and 8,p. 41-47].

2Although a type was never declared as such, researchers used to refer to this example as the best of
"its" type [2,p. 25], and [4,p. 66]. This unconscious acknowledgement of existence of a "type" supports the
definition of the "structural genuine-mugarnas dome" type of this paper.

BAccording to [8,p. 41], it was built before 1190 AD (588 H).

"Since the transitional zone is out of the scope of this paper, the tiers are numbered from the top
downward to avoid starting from numbers other than one.

SWhether a type is defined according to the attribute values of its members or according to pre-defined
ones is a debatable issue. The approach adopted here is that both are two levels of a study and that they
complement each other rather than being contradicting.

1Other common attribute values are found, like function and location (see Table 2). These, along with
formal similarities, make it acceptable to suggest one origin and common meaning to members of this type,
thus those refuted earlier as general to all mugarnas domes {4, p. 62 and p. 69] can be accepted as one
interpretation for this type.

"This can be supported by the fact that the earliest known article about muqarnas in the 15th century
by Al-Kashi, used the units as the factor according to which types of mugarnas were established [9,p. 381-
391]. Some other recent works that elaborated the role of units in muqarnas were those by Harb [10] and
Andre [11].

'%A separate study on units and its groups is being prepared for it is out of the scope of this paper.

°A better term would be "plan looking up", but in muqamas drawings, plan is usually used for
convenience, and as mugarnas is usually symmetrical both would be identical. The word plan is thus
acceptable.

PThe adjective "front" is used for intemal edges and surfaces facing the center of the dome, while
"rear” is used for external ones.

ZThat is why it will not be considered as part of the unit, but a sort of an added decoration, same as the
internal decoration added on the interior of Imam Dur's case.

2For full discussion of stars as units in two dimensional Islamic patterns, and their geometrical and
mathematical aspects see [12].

BThus the squinch can be seen, form wise, as a basic unit of a structural genuine-mugarnas dome type,
in a tier composed of 8 units, four of which being discarded, while the remaining four would compose the
corners of a square building.

XThe concept applied in this unit can be extended to create reduction units that reduce the number of
points of the base star into its third or fourth ...etc.

ZFor a full description of the generative systems see [12, 13 and 14]. For the relation of typology,
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types and prototypes to design and computer aided design see [15] which largely base the knowledge base
design systems on these concepts in most of its chapters.

*%An example of a description of what looks like a structural conical muqamas dome, can be seen in
[8,p. 39], where the author quotes Ibn Jubair describing a dome built by Malikshah in 1086 AD-479 H.
Though this description indicates a similar form to that of Imam Dur, researchers might find other
descriptions for other forms that can be approximated by the computer program.

Two examples can be seen in plates 4-"Flood of Baghdad"-dated 1468, and 5-"View of Baghdad"-
dated 1537, of [4]. Both show Baghdad with many structural conical mugarnas domes.

BFor such transitional zones analysis see [16 and 17].
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