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Computing the Yingzao fashi

Andrew I-kang Li
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Introduc;ﬁon

The twelfth-century Chinese building manual Yingzao fashi

- Building standards - is known to all Chinese architects. It was
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compiled by the Song dynasty court architect Li Jie as a way of
reducing corruption and increasing efficiency. The approach Li

took to this task was remarkable. To quote the architectural historian
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Figure 1 The rules for determining the roof section, known as juzhe, as drawn by Liang (Liang 1983, 265). With these
rules, and given the depth and type of a building, the correct roof section can be calculated




HrEE

BRI - BHIEE - AR

EfRGNPRAERD, —PEEEIEE RIS
MR FER, SREFREASHE L. IHRRNET
MRS |, B BT AEAASN S LML,
RONBRFREFE . E=REL, EERSNERTF, &
BRBRTHEREESY L. KREREYENFHRES
RIEHRE . '

EIATRASHRBERREIE. BiE CEEERD
FRERERRGE L REEES. %, 8mibRME
M, BRBEE, FHIm. XEImAERIRE T BEKFE
HEENNE. F-SREFHEN TFHEENSE (BR
#E) . }MEEABERRE DKL, RNESH
5z EE—%%, MzATIEHNE. E-LHEE
BT EFHNEE. 3L FHE5 THERIZNIR
TRIOZERFFATF/E LTHNUE. REEEE
B5EFE, BE—#FNIEHEZE. RNESEXC
%, MERREHME, TBHEBRIS%. 2.5%, A
L2 : ' ‘

FEHNBX AR ETFREXAEZHEFETIENC, M2
ERTRN=FMIREN, BHRMNERERNE. $—.
SRBNOTAMEFTEAINE AL RS BEL 1 HE
BRZEN; B2, SFRAMNNTEIRNE—MERIEMN
BRETHEBFZERAMZERRENEER, &
=, ERBTAAREREHEER ZFUABIRAEIM
FR. '

X—H—HHTE, REBEERZA “BE"
XMBFERE (CBEZXX PRABHE. RMER
FHPNFAERIMIRFSMEN. HlW, ZRETE
gR=mEE L, 2OAROETERRZINEFHMN
ERBHEE—REE. FHRERMXENDE,
HRMMEHT —RY (X—BE) =F: 18/ 8E(E
2), AENE, EMNS—THEFEERN. DAL,
NRERERE, BIOTNEEEREHMHFEERLH
%, MEE, BNXZWAH. AT AM E3CFH#

114

example the method for determining the curved roof section, a
method known as juzhe (Figure 1).

In a traditional Chinese roof, the curved section is formed by
a series of segmented rafters, each of which spans between two
neighboring purlins. The lower end of the lowest rafter sits on the
purlin at the eaves, and its upper end on the next higher puriin. The
rafter above spans between the second and the third purlins and so
on to the highest rafter whose upper end sits on the ridge purlin. To
determine the roof section, it suffices to determine the positions of
the purlins.

This is the function of juzhe, using a two-step procedure. One
starts with the overall depth of the building which is subdivided into
equal rafter lengths. For example, one might start with an 8-meter-
deep building with 8 rafter lengths of 1 meter each. These 1-meter
intervals determine the horizontal locations of the purlins. The first
step is to determine the height of the ridge purlin above the purlin at
the eaves. We do this by dividing the overall depth of the building
by a constant. We draw a line connecting this point with the eaves
purlin, and calf this the working fine. The second step is to determine
the height of the first purlin below the ridge purlin. We do this by
finding the corresponding point on the working line. We lower that
point by 10% of the height of the ridge purlin; this lowered point is the
location of the purlin. We draw a new working line from the eaves
purlin to this purlin. For each remaining puriin, we repeat the second
step, reducing the percentage by half: 5%, 2.5%, and so on.

The beauty of juzhe is that in addition to producing good results
and being easy to remember, it helps us understand roof sections
by providing three capabilities for analysis (Stiny and Mitchell 1978).
First, it provides a definition for what constitutes a legal roof section.
Second, it provides instructions for the creation of a legal roof
section - start with a new building section and apply the procedure.
Third, it provides instructions for determining whether a given roof
section is legal - see whether there is a building section for which the
procedure produces that roof section.

This step-by-step approach is what Liang referred to as

grammatical and it is typical of Li’ s approach in the Yingzao fashi.
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However, not all parts of the manual are grammatical. The creation
of spaces inside a particular type of building called a ting hall is
accomplished by eliminating columns located directly beneath
purlins. Li does not provide a procedure for doing this, rather, he
provides a list (or corpus) of 18 example sections (Figure 2). The
problem is that given only these examples, we do not know whether
there are other allowable sections. We can put this in terms of the
three capabilities mentioned above. First, we do not know why
the list contains these 18 sections and not others. Second, we can
create a new legal ting hall section by choosing one from the list,
but we cannot create a 19th with any assurance that it is allowable.
Third, we can only confirm a section is allowable by comparing it to
those on the list.

If we had a procedural method of analyzing these 18 sections
we could better understand space in ting halls. In fact, there is such
a method. Using a technique called “Shape Grammars” , which
we will explain in this article, we can provide the three capabilities

for analysis mentioned above.
2 A Grammar of Ting Hall Secfions

To understand Shape Grammairs it is helpful to make an analogy
with a computer program. A grammar accepts some input, applies
a set of transformations on the input, and subsequently produces
some output. For example, a computer program can balance your
bank account by taking as input the initial balance, deposits, and
withdrawals. The program acts on the input by adding deposits
and subtracting withdrawals from the initial balance. The output
returned is the resulting balance. Shdpe grammars work similarly but
they take graphic information, such as a drawing, on which they
execute graphic transformations, by adding to anc; erasing parts of
the drawing, and they return graphic information, such as another
drawing. The input is called the initial shape and each transformation
is called a rule. The graphic nature of shape grammars makes them
well-suited for architectural problems such as the ting hall.

Qur shape grammar consists of four initial shapes (ting hall
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sections of 4, é, 8, and 10 rafters, each consisting of a ground line,
two columns, and purlins) (Figure 3a) and 14 rules (Figure 3b}. The
rules form groups and add columns and beams in the following way.

Group A contains only rule 1, which adds no columns. This gives
us a section with no inTerior'cqumns. Group B contains only rule 2,
which adds a central column, i.e., a column below ‘rhe‘ridge purlin.
Group C contains two subgroups, Subgroup C1 and Subgroup C2.
Subgroup C1 contains rules 3 through 8. Each rule adds one column
and one beam spanning between that column and the column in
the front of the hall. These two columns form a bay. The rules vary
according-to the length of the beam: rule 3 adds a one-rafter beam

{(and a one-rafter bay), rule 4 adds a two-rafter beam (and a two-
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rafter bay), and so on. Subgroup C2 contains rules 9 through 14. These
are like rules 3 through 8, but they act from the back of the ting hall.

Rules are applied in the following ways. If you apply the rule
from Group A, you cannot apply any other rules. The result is a
section with no interior columns and a single large bay. If you apply
the rule from Group B, you can stop or you can apply the rules from
Group C either once or twice. You can also skip the rule from Group
B and apply the rules from Group C once or twice. If you apply arule
from Subgroup C1, then you must apply a rule from Subgroup C2.
Displayed as character strings the following sequences are possible:
A, B,BC,BCC,C,CC.

After applying a sequence of rules the roof structure is
completed by adding the appropriate beams and rafters. The rules

for adding beams and rafters are omitted here.

3 A Sample Derivation

Following is a process for creating, or deriving, a é6-rafter ting hail
section with one column in the center, a second column supporting
a one-rafter beam attached to the front column, and a third column
supporting a one-rafter beam attached to the back column. This
derivation begins with the é-rafter inifial section. Rule 2 is applied
which adds the column in the central position. Next rule 3 is applied
which adds a one-rafter beam in front, along with the column that
supports it. Then rule 7 is applied which adds a one-rafter beam in
back, along with its supporting column. Finally beams and rafters are

added as required to complete the roof structure {these steps are

B4 SHMRTRRG. MTEAMNU2. 1H7RSEMERNER. RIKRT RRBREHMEER. B, MEEESRERLEY, RPERT LEE

Figure 4 The derivation of a é-rafter ting hall. We apply rules 2, 1, and 7 to establish the distinctive features. We omit the process of

completing the roof structure. It is shown in Figure 5, redrawn as in the Yingzao fashi
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Figure 5 Five new é-rafter ting hall sections derived with the grammar. Whether or not they are legal is for the user of the grammar to

determine. The third section is derived in Figure 4
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omitted). The resulting section is shown in Figure 4.
4 Alanguage of ting hall sections

By applying the rules in different combinations, we can create
a set {or vocabulary} of sections. Eleven sections of é-rafter ting halls
are shown, three in Figure 2 and five in Figure 5. If we consider all sizes
of ting halls we can create a set of 122 sections. Different grammars
produce different sets of designs. v

Our grammar is a procedure for creating sections; it does for
ting hall sections what juzhe does for roof sections. This gives us the same
three analytical capabilities as juzhe. We can create a new section by
applying rules in different combinations, we can evaluate a previously
unknown section by testing whether we can produce it with our grammar,

and we can explain why some sections are in the set and not others.
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5 Grammar as Hypothesis

Our grammar defines a language of 122 possible sections. How
do we know that these are all and only the legal sections? In other
words, how do we know that the grammar is correct?

Actually, the grammar is only a hypothesis. It is based on finite
empirical evidence (the corpus) and makes predictions - namely
that the 122 sections in the language are legal, and that all others
are illegal. The next step is to test the predictions and revise the
hypothesis as necessary. In science, this is done by inventing and
conducting experiments.

In the case of the Yingzao fashi, we are also making a hypothesis
that must be tested. Consider five of the designs generated by our
grammar (Figure 5). The first design is not exactly like any other in
the original corpus, but it is not obviously illegal either - it is probably
legal. The second design is in the original corpus and therefore is
legal by definition. The third design is similar to others in the corpus
and is probably legal. The fourth has no bays deeper than one ratfter,
making it difficult to use and is likely to be ilegal. The fifth design has
a clear span é-rafter beam. The clear span is seen only in the 4-beam
ting hall, but the é-rafter beam can be found in an 8-rafter ting hall in
the corpus. Maybe this design is legal, maybe not.

We can revise our grammar so that it does not result in illegal
designs. For instance, if we think that the fourth design is illegal
because there are 1-rafter beams in the inner bays, we could allow
rules 3 and 9 to be applied only in the first round of rules from Group
C. Then the 1-rafter beams would appear only in the front or back
bays. In this way, we refine our hypothesis until it defines what we
understand to be the appropriate language. The grammar expresses

our hypothesis precisely, while still leaving room for interpretation.
6 Implications for Teaching
This ability to formulate hypotheses about languages, or styles,

of design has several implications, beginning with how it is taught. It

seems to me that students of the Yingzao fashi need to understand
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not only what Li Jie wrote, but also how to complete what appears
to be anincomplete picture fo us in the twenty-first century. A typical
approach would be to present the analytical interpretation of an
expert - an interpretation which is considered authoritative on the
subject. However, the shape grammar approach instructs students
on how to construct their own interpretation, .and guarantees the
legitimacy of that interpretation. A grammar can be tested and
revised as desired. Students can find information, interpret it, and
defend their interpretations all within a clearly defined framework.
The lesson here is that style does not exist outside of a human
construct. Style can be formalized, but it is not objective.

This approach to teaching can be enhanced by computer-
based tools that support grammars. Such tools can automate
irelevant parts of the process such as those omitted in our examples
(Figure 4). This allows students to concentrate on the grammar
and the language of sections that it defines. | have developed
such software for the ting hall section grammar (Li 2002). Currently
the software allows students to easily and transparently create
sections. Based on observation, the students enjoy this process and
immediately want to be able to change the'rules of the grammar.
This was beyond the capability of the initial software. My colleagues
and | have recently developed software which aliows the rules to be

changed at will {Li et al. 2009).

7 Beyond Building Components

An explicitly grammatical approach to design can help create
new knowledge as well. In frying to  “translate” what Li Jie wrote -
fo create the same sections he envisioned - it becomes clear that
he omitted information that modern readers need. For example,
he did not explain how to determine the grade of the ting hall, its
width in bays, its depth in rafters, or the spatial subdivision discussed
above. These may be called building-level parameters and they are
necessary to describe ating hall completely.

It was these building-level parameters that Chen Mingda

{1993) worked to darify. By saying precisely what Li Jie wrote, we can say -
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and investigate ~ more precisely what he did not write. Chen
understood this implicitly; now we can state it explicitly. What, for
example, was the system for determining building-level parameters?

We can now characterize this in a grammar.
8 Beyond Ting Hall Sections

At the level of building components, there is also much to be
understood. In order to complete the sections we have to specify
each individual component explicitly; each column, each beam,
each block. How does the form of each component vary with
its context, and how are all the components assembled? Here
again, Li Jie told only part of the story. Despite all the detail he
gave for forming the components of a bracket set, these were
only prototypes, used in some cases but definitely not in all. How
are these variants formed? Perhaps this was within the purview of
the builders. It is possible these details were beyond Li Jie’ s own
knowledge, but the builders must have had a method. Again, if we
aspire to understand that method; we must be able, to create new
{and conformal) variants. Shape grammar deals directly with the
shapes of objects, like building components, and as a result is well-
suited for pursuing this invesﬂ'goﬁon.

Being precise about the shapes of buildings and components
is best accomplished by three-dimensional representations. These
are made using computer-aided technigues like rapid prototyping,
and offer important advantages because they are tangible - they
have material weight, they can be touched, assembled, and
disassembled. Hypotheses about their use in construction can also
be tested physically. !

fhe section grammar discussed here is part of a more
comprehensive grammar that creates plans, roof sections,
elevations, and descriptions of ting halls (Li 2001). This larger
grammar can be extended to include dian halls and other building
types. A study of this larger grammar would help us understand the

relationships among the main building type designs.
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Computing the Yingzao fashi

9 Beyond the Yingzao Fashi

As noted, the Yingzao fashi was a book of standards and
therefore only provides a reference for examining extant buildings.
However, we still need a theorefical framework for comparing these
buildings with the Yingzao fashi, and characterizing the relationships.
Our grammatical approach offers just such a framework.

Once we have a grammar that characterizes the language of
designs defined by the Yingzao fashi, we have a formal reference
point against which we can compare extant buildings. If an extant
building can be created by the grammar as proposed, then it
can be said to be example in the language of the Yingzao fashi.
However, if a building can only be created after modifying the
grammar, then the modifications characterize the difference
between the building and the reference point.

If we do this for a number of extant buildings and create a
formally expressed compilation of all these differences, we can
begin to look for patterns. We might look for patterns based on the
date or place of construction. By doing so, we could understand
the stylistic evolution of extant buildings as a grammatical evolution.
A similar approach fo stylistic change was demonstrated by Knight
(1994) for Greek pottery motifs. This would help us in the three ways
previously mentioned. First, given a date, place, and function we
could create a building conforming with the rules of that time and
place. Second, if a previously unknown building is discovered, we
could determine whether it conforms with the rules of a particular
style. If a newly discovered building is deemed to be in conformance
then our hypothesis is supported {though not proven). However, if we
find a non-conforming building, then our hypothesis must be revised.
The third benefit is that we would have a complete explanation
of what the text says and how it relates to extant buildings. Our
grammatical hypothesis can be refined as relevant information
comes to light, whether from fieldwork, archival study, or other types
of research. Indeed, the hypothesis can tell us where to look for

information.
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10 Beyond the Yuan

Liang (1984) has pointed out that in Chinese wood-frame
architecture there is a significant stylistic divide that occurred
at the beginning of the Ming dynasty. Pre-Ming buildings are
associated with the Yingzao fashi. For the Ming and Qing dynasties,
the Gongcheng zuofa zeli became the standard. We can use the
strategy outlined above to look for patterns among extant buildings
and their relations to the various texts.

These two analyses - the pre-Ming and the Ming-Qing - can
then be combined by comparing the grammars of the two texts. This
could lead to a unified framework for understanding wood-frame
Chinese architecture. If we include paintings, sculptures, and other

indirect evidence, we can extend the time span even earlier.

11 Conclusion

These ideas about studying Chinese wood-frame architecture
follow from the three significant features of shape grammars.
First, shape grammars are transparent or formcI.AThere are rules
for reading and writing shape grammars, just as there are rules
for reading and writing mathematical statements. Using shape
grammars it become possible to make precise statements about
building designs. Second, shape grammars define languages
by showing how to create designs, rather than by enumerating
designs - they are productive or generative. Thus, we can explicitly
demonstrate our understanding of a design language. Third,
grammars are both graphic and symbolic; the symbols grammars
use can be visualized as drawings - the preferred medium of
architects. Thus we can both think about buildings and represent
them through @ common system.

Liang emphasized these qualities implicitly. When he wrote
that the Yingzao fashi consisted of “formulas based on principles
and proportions” (Liang 1984, 358), he had his finger on the ideas
of fransparency and productivity. And when he produced the

remarkable drawings in the Yingzao fashi zhushi (Liang 1983), he




was following modern architectural conventions to make a graphic
transiation.

These three qualities are embraced by shape grammar, an
analytical tool that derives from work {in mothe'méfiqs, finguistics,
orﬁﬁciol inteligence, computer programming) that has h\e]bed make
ours the age of information. On the other hand, that Li Jie’ s work invites
study with such sophisticated tools may suggest that more than nine

centuries ago he was already computing the Yingzao fashi.
Notes

1 For an example of rapid prototyping in historical study, see
Sass’ s {2000) study of Palladio’ s villas. On virtual versus physical

modeling in feaching the Yingzao fashi, see Li and Tsou (1995},
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