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WILLIAM MacDONALD DESIGN AND TECHNOLOGY IN HAGIA SOPHIA 

William MacDonald holds the degrees of A.B., 
A.M., and Ph.D. in history and the history 
of architecture from Harvard. He has taught at 
the Boston Architectural Center and at Wheaton 
College, and was for two years a Fellow of the 
American Academy in Rome. He now teaches the 
history of architecture in the Department of 
History of Art at Yale. 
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Architecture, Le Corbusier has said, is "a pro- 
found projection of harmony," a perception 
peculiarly suitable to the sixth-century church of 
Hagia Sophia in Istanbul, the acknowledged para- 
digm of the East Christian of Byzantine style. An 
unprepossessing exterior, cluttered with the accre- 
tions of centuries, encloses a masterpiece which 
was once the chief ornament of the Byzantine 
capitol (figures 1 and 2). This complex design 
results from an almost total exploitation of cir- 
cular forms, and harmoniously relates a huge 
partispherical vault, several adjoining quarter- 
spheres and spherical triangles, and numerous 
semicircular vaults and arches. These curving 
surfaces, often somewhat irregularly formed, are 
not used in augmentation or reduplication but 
rather are felicitously disposed and interlocked 
around a crescendo of volumes, ctulminating in an 
immense pool of space beneath a spreading, shell- 
thin dome. 
The architect, a geometer named Anthemios from 
Tralles in western Anatolia, created unique effects 
of light and space through an ingenious solution 
of the problem of vaulting over a huge area at 
once centralized and longitudinal (figure 3). His 
rank as a great designer is secured by the con- 
tinued popularity of these solutions and by the 
fact that the major portion of the original vaulting 
stands today, having resisted hundreds of earth- 
quakes during fourteen centuries of continuous 
use. 
The two basic parts of the structure may be de- 
scribed as inner and outer shells (figure 4). The 
inner shell consists of a central dome with its 
pendentives, two flanking semidomes and their 
satellite semidomes or exedrae, together with eight 
vertical supports or piers which outline the oval 
vessel of the nave. The surrounding outer shell 
rises to less than half the height of the summit of 
the dome and contains aisles and galleries as well 
as a clever buttressing system which transfers 
thrusts from the superstructure to the ground, 
leaving the magnificent central space unobstructed. 
These two basic parts are separated by screens of 
columns and are differentiated by the presence or 
lack of interior supports and a very considerable 
change in scale. The outer shell is scaled to human 
communicants, the inner rather to the sublime 
object of their veneration. 
The aisles and galleries, behind their columnar 
screens, are like spectators gathered around the 
vast nave, where the space flows up into the high 
central vault from the axial recesses formed by the 
two semidomes and their attendant pairs of 
exedrae. The aisles and galleries offer a succession 
of vistas of vaulted spaces, defined by columns 
set out at the corners of rectangular plans and by 
the wall-like surfaces of the central piers that rise 
toward the arches and pendentives below the 
dome. At the corners of the building the volumes 
of the outer shell are joined to the inner shell by 
complex geometric forms, but the nave beyond 
appears as pure and tranquil space, modelled by 
soaring vaults which seem to rise from thin walls figure three 
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figure four Hagia Sophia: isometric view from below and partial plan (after Choisy) 



and delicate arcades up and across the void. 
It is not at first apparent how the vaults over the 
nave are supported; in fact no precise and detailed 
structural analysis of the building is available. But 
it is certain that the load-bearing piers and but- 
tresses are not clearly articulated throughout their 
height. The colonnades and walls are all but flush 
with the inner surfaces of the massive piers, ef- 
fectively screening their thickness and substance, 
and the spherical triangles or pendentives (which 
make the transition in the center of the building 
from a circular plan above to a square plan some- 
what below) die out into points seventy-five feet 
above the level of the pavement, apparently un- 
supported. Only two of the four huge working 
arches can be seen, and then only from outside 
the building. 
This architecture of curves and interior spaces 
builds up logically and harmoniously to a climax; 
the eye is not arrested, but rather is guided across 
its surfaces. The observer is constantly aware of 
the dome that dominates the entire design. This is 
the function of the building as a mimesis of celes- 
tial order; the effect is accomplished by subordi- 
nating the major working members of the structure 
and by a superlative welding of design to use. 
Most of the thrusts generated by the lofty super- 
structure pass to the solid rock below through an 
ingenious armature of brick and stone which is 
itself a natural function of the plan, and the ef- 
fective space thus discovered is particularly suited 
to the sacred purpose of the building. The Graeco- 
Roman canon has disappeared and a New Archi- 
tecture is born, which in its modelling of space 
may not yet have been surpassed (figure 5; since 
domed interiors defy the camera, a nineteenth- 
century painting is reproduced here). The nave 
space in Hagia Sophia derives part of its effective- 
ness from the quality and treatment of the inner 
surfaces of the vaults (figures 6 and 7). These are 
reserved and cool, wrapping the nave in dignity; 
they are taut and arid, and are not penetrated or 
affected even by their tasteless nineteenth-century 
stencils. The thickness of these vaults is not im- 
mediately apparent and they appear, with their all 
but unrelieved surfaces, to be cut from sheet metal 
or made of some fine, thin cardboard. The col- 
umns, piers, and vaults hardly project into the 
space they enclose; the columns and piers stand 
respectfully beside the vast concavity which the 
vaults define but do not penetrate. 
The application of these principles produces a 
space which wants to expand but is restrained and 
tied together by two great belt cornices which 
travel continuously around the nave (figures 4 
and 6). This is of course the antithesis of antique 
classical design where the clarity of each unit and 
of the load-support relationship is essential. In 
Hagia Sophia the nave fabric tends to become 
immaterialized because unlike Karnak or Cordova 
the interior is free of obstructive supports, and be- 
cause the wall-vault envelope reads as a continuous 
surface from paving to summit and back to the 
paving again. This effect is heightened by the 
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hollowed plastic modelling of the vaults and the 

sharp but apparently non-structural intersections 
formed wherever two curving vault surfaces meet 

(figures 6 and 7). The decoration of drilled and 
interlocked carvings, the many rinceaux, the sheets 
of colored marble, and the gold-ground mosaic 
that once sheathed much of the vault and wall 
surfaces all would have contributed to the illusion 
of a weightless shell. 
Behind this advanced and striking design lie the 
structural solutions worked out by Anthemios of 
Tralles. These solutions were based primarily on 
two techniques which had begun to evolve in the 
monumental architecture of the last centuries of 
the Roman Empire: relatively thin and light vaults 
of brick and mortar, and an ingenious disposal of 
thrusts in depth. 
Earlier brick and concrete vaults had often been 

unnecessarily massive, but in the hands of Anthe- 
mios and his immediate predecessors volumes of 

masonry were considerably lessened. At Hagia 

Sophia the fabric of the great dome, one hundred 
and seven feet in diameter, is only two feet thick. 
With the exception of the principal piers of stone, 
the entire building is of brick and mortar in a 
volumetric relationship of about 1 to 1.6. This 
ratio implies a form of concrete with brick ag- 
gregate, a plastic material of the type that made 

curving plans and roofs practicable in later Roman 
and Byzantine buildings. This material weighs 

roughly one hundred and fifty pounds per cubic 

foot, or about the same as average stone masonry 
construction. Because of its plasticity and ease of 

laying up, brick and mortar can be used over 

greater distances than cut stone; the only great 
dome in stone caps Soufflot's Pantheon in Paris; 
it was built in the eighteenth century and spans 
sixty-nine feet. 
The disposal of thrusts in depth in order to free a 
vaulted central space seems to have been a western 

development of late antiquity, probably stimulated 

by knowledge of methods used in the eastern 

province of the Roman Empire. It is possible to 
trace this development in some detail from im- 

perial residences in and near Rome through later 
Italian and Near Eastern examples. One of the 
chief links in the chain is the church of San 
Lorenzo in Milan, originally built in the fifth 

century and drastically altered in the sixteenth. 
Careful studies have recovered the original plan 
of the building, which is read as a square structure 
of two shells whose inner shell is expanded by four 

segmental exedrae penetrating into the outer shell 
or ambulatory (figure 8). The inner, higher square 
was vaulted, but whether by a dome or groin vault 
is uncertain; in either case the corners were suit- 

ably designed to take up thrusts. This concept was 
elaborated at Hagia Sophia, for beside the high 
central square two semidomes of the same di- 
ameter as the central dome were added axially. 
The vertical end sections of these two semidomes 

engage two of the four great working arches 
which, together with the pendentives and piers, 
support the weight of the dome proper. Because 
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of these axial additions the nave space, at a level 
below the central dome, is made longitudinal. The 

resulting forms are such that the semidomes ap- 
pear to be buttressing the dome from two sides, 
but because they lie outside the theoretical thrust- 
cone of the dome and are not properly shaped to 
receive pressures from the dome, this seems rather 

unlikely. 
As monumental domes go, that of Hagia Sophia is 
rather low. It is less than a hemisphere, subtending 
about 162?, and it rises forty-seven feet from im- 

post to crown. The ratio of rise to diameter is 
.44 to 1, much lower than in later, larger domes 
such as Saint Peter's (.78 to 1) or the Duomo at 
Florence (.73 to 1). The thrusts at Hagia Sophia 
are proportionately greater than in Renaissance 

designs because of the relative shallowness of the 
dome. They are chiefly disposed through the 

pendentives to transverse arches and barrel vaults 
over the galleries and aisles, and thus carried to 
the supercharged, towerlike buttresses which re- 

spond to the main piers and rise well above the 
outer shell (figures 1 and 4). These four buttress- 

responds, which can be identified on the plan just 
inside the outer wall (figure 3), are placed trans- 

versely against the dome, so Anthemios' design 
was not altogether logical, owing to the radial 
nature of the thrusts. Thus some of these thrusts 
from the superstructure flowed off diagonally 
through the gallery fabric and tilted several col- 
umns; indeed the four central piers and their 

buttress-responds are tipped slightly out from the 
vertical because of pressures from above. Anthe- 
mios anticipated these forces by thickening and 
bracing the corners of the building, but because 
of earthquakes and age it has been found neces- 
sary from time to time to add large masses of 
masonry at critical points along the outside walls 
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in order to stabilize the building. The pendentives, 
which approximate pyramids whose apexes are the 
corners of the square dome-platform (figure 2) 
and whose inner faces are spherical triangles 
(figure 4), deliver the weight of the superstructure 
onto the four central piers and gather the dome 
thrusts for distribution to the buttresses; Hagia 
Sophia exhibits what is probably the earliest ex- 
ample of the use of pendentives on a large scale. 
The result of these arrangements is that the great 
nave space is kept free and open almost entirely 
through the use of brick and mortar. Connections 
between load and support cannot be assessed clear- 
ly by an observer, but the forms are those which 
exactly fitted the function of the building as the 
very seat of Christianity in the East. 
This harmony of technology and design is secured 
by the use of light as a fundamental ingredient of 
the architecture. The weightlessness of the dome is 
emphasized by a ring of windows which pierce 
the substance of the great vault just as it begins to 
rise and curve over the void (figures 7 and 9). 
Only shallow ribs meet the impost ring; the forty 
spaces between them form a luminous corona 
which removes the symbolic dome still further 
from the earthbound communicant. This motive is 
repeated in a subordinate manner in the semi- 
domes and the vaults over the exedrae, and in the 
thin curtain walls below the great arches on either 
side of the nave. The aisles receive somewhat less 
light, and this strengthens the contrasts with the 
nave, where powerful beams of light pry up 
through the void as the sun passes across the sky. 
This slowly revolving heliophany is Anthemios' 
master stroke. 
It is possible that the peculiar orientation of Hagia 
Sophia (33? south of east) results from a plan to 
use the sun as a part of the morning liturgy, for 
in mid-morning the altar space and other nearby 
stations are directly illuminated by light coming 
through the windows in the apse vault and wall; it 
is also interesting to note that on Christmas morn- 
ing the sun rises at a point hardly one degree from 
the main axis of the building. 
Sometimes at night thousands of lamps were lit in 
the dome ring, the great cornices, and in a sea of 
candelabra suspended in the nave just above the 
crowd, setting the gold and glass mosaics in the 
curving vaults on fire. 
Hagia Sophia has sometimes been rather shabbily 

treated by students of architecture and history. 
One almost universal failing is the implication that 
the building is geometrically regular throughout. 
Of necessity, technical and historical discussions 
(including the present one) are accompanied by 
cavalier plans and sections which suppress the very 
significant sketch-like irregularities of the structure 
and give an erroneous precision and clarity to its 
angles and surfaces. An exact study of the build- 
ing has been carried out by William Emerson, 
Dean Emeritus of the Massachusetts Institute of 
Technology School of Architecture, and Robert 
L. Van Nice, which when it is published will pro- 
vide a much-needed corrective to this situation. 
Meanwhile Figures 2 and 9 give an idea of the 
irregularities which exist in nearly the entire fabric 
of the building. There are a variety of reasons for 
these deformations, the chief among them being 
hasty construction and later repairs. The some- 
what incomplete resolution of thrusts from the 
superstructure and the damage done through the 
centuries by earthquakes and weather should also 
be taken into account, not to mention irregularities 
resulting from rule-of-thumb methods of building. 
These deviations bring a special quality of grace 
to a building which is not and was not intended to 
be sharply and perfectly finished. 
Less understandable to the student of architecture 
is the use of a building as a convenient symbol for 
historical and quasi-philosophical discussion; a 
case in point is the first chapter of H. J. Muller's 
recent Uses of the Past, where a few scattered 
facts about Hagia Sophia are made the vehicle for 
a weighty historical inference. Such methods serve 
the cause of architecture badly because a quite er- 
roneous impression of the nature and meaning of 
the building is given to the reader. The rich 
historical associations of the building provide the 
material for widely varying inferences, but these 
associations cannot be identified with the design 
and fabric of this great icon itself, the true signifi- 
cance of which lies in the creative daring of its 
architect and his ingenious, appropriate, and 
harmonious modelling of space. 
The prince Justinian, who employed Anthemios 
(and gave him sound architectural advice, we are 
told), is said to have cried out, when he saw the 
building completed, "O, Solomon! I have outdone 
thee!" One can understand his feelings. 
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