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ABSTRACT 

Q-analysis techniques are introduced to describe 

global properties of a specific ecological system and of 

a specific transportation system. Data matrices are 

mapped into incidence matrices through application of 

slicing parameters, which are considered as a "noise 

threshold". The concept of sensitivity is introduced 

as it relates to stability of the system. 

Results of the Q-analyses are used to make 

comparisons of measures, sets, and species. 

Eccentricities, structure vectors, equivalence classes 

and complexity measures from the Q-analysis of the 

transportation system are discussed. 

Q-analysis results generally corroborate the system 

description derived through field and laboratory 

investigations. 

vii 



SECTION 1 

INTRODUCTION 

The purpose of this paper is to examine the use 

of Q-analysis as a tool for deriving measures of global 

properties of an ecological system and a transportation 

system. Q-analysis provides a holistic approach to the 

description of the relational structures of the systems 

in terms of connectivity, complexity, and stability. 

This method enjoys the advantage of requiring few data 

and generating useful system measures through relatively 

easy computations. 

The cactus-yeast-Drosophila system of the North 

American Sonoran Desert was selected as the subject of 

the ecological study because it has a limited number of 

major components and these have been well defined and 

thoroughly researched. The multidisciplinary research 

conducted on these organisms has resulted in the 

requirement for integration of a great deal of diverse 

information. Q-analysis yields global system measures 

1  
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that are largely independent of this integrative 

process. 

The transportation system was selected as the 

second subject of study because it contrasts sharply 

with the ecological system. The application of 

Q-analysis to two systems that differ in size, function, 

history, and complexity demonstrates the versatility of 

this methodology. 

Q-analysis requires that the components of the model 

be precisely defined as sets. A single relationship 

between any two sets must be selected as the basis for 

each analysis. The technique may be repeated for any 

other relationship of interest. 

The following sections (2 and 3) of this paper 

define the sets of the two systems and delineates the 

relationships between these sets, some of which will be 

used later in a Q-analysis. The Q-analysis methodology 

is presented in Section 4-, with formulations for the 

calculation of several system measures, including a 

measure of sensitivity to structural change. Q-analysis 

is applied to field data representing interactions among 

elements of the sets for each system. The measures 

derived through Q-analysis of the ecological system are 

used to describe element interactions as functions of 
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ecological characteristics such as host discrimination, 

partitioning of the substrate, and means of dispersal. 

The results of the analysis of the transportation system 

are used to suggest necessary system changes to reduce 

pedestrian accident frequency. The results of both 

Q-analyses are compared with established theory 

describing the systems. 



SECTION 2 

THE CACTUS-YEAST-DROSOPHILA SYSTEM MODEL 

The Q-analysis technique requires a system model 

that concisely defines components as sets of associated 

elements. The cactus-yeast-Drosophila system is an 

especially favorable candidate for application of 

Q-analysis because the sets and elements are easy to 

identify, the associations between elements have been 

thoroughly measured and reported in the literature and 

are thus readily available, and these associations can 

be described and explained in ecological terms. 

An understanding of the ecological organization 

of the system is necessary to ensure the judicious 

application of Q-analysis. This organization can be 

delineated through a general description of interactions 

between the cacti, yeasts, and Drosophila. 

The columnar cacti of the Sonoran Desert 

occasionally suffer necrotic decay of the succulent 

tissue of the stems. This decay forms rotting pockets 

that evolve a succession of biological and chemical 

A 
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compositions. The necrotic tissue in these pockets is a 

rich source of nutrients for insects and a large variety 

of microorganisms. The use of cactus rot as food for 

both yeasts and Drosophila accounts for two of the 

relationships used in the Q-analysis. 

The volatiles produced as a result of the 

interaction between the plant tissue and the microbial 

community attract Drosophila to the rot pockets 

(Fogelman, 1982). These flies feed upon and disperse 

the yeasts and other decay-promoting microorganisms of 

the rot. Both the eating and the dispersal of yeasts by 

Drosophila are relationships used in the Q-analysis. 

The flies are also dependent upon the microorganisms to 

enrich and detoxify the necrotic tissue (Starmer, 

1982a). The yeasts rely upon the nutrients in the 

cactus and those produced by the metabolism of other 

microorganisms. Drosophila are probably the primary 

dispersal agents of the yeasts, thereby directing yeast 

colonization to specific host cacti (Gilbert, 1980; 

Starmer et al., 1982). 

The interactions that affect the distributions 

and densities of cactus, yeast, and Drosophila 

populations are shown in Figure 1. Each arrow of this 

digraph indicates the generation of the named effect by 

the source component upon the sink component. 
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DROSOPHILA attractam CACTI 
4 

Figure 1. Digraph of the cactus-yeast-Drosophila system 

interactions u 

1. The Cactus Set 

The cactus component of this system consists of 

six principal host species, all belonging to the tribe 

Pachycereeae. The phylogenies of these cacti are 

described in detail by Gibson and Horak (1978) and 

summarized by Gibson (1982). Two subtribes are 

represented by these cacti. The subtribe Pachycereinae 

includes the species Carnegiea gigantea (saguaro), 

Pachycereus pringlei (cardon), and Louhocereus schotti 

(senita). Three species, Stenocereus thurberi (organ 

pipe), S. gummosus (agria), and S. alamosensis (cina), 

are members of the subtribe Stenocereinae. The cactus 

set used for the Q-analysis comprises all of these 

species except cardon. 
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The relational structure of the 

cactus-yeast-Drosophila system is shaped in large part 

by plant chemistry and geographic distribution. The 

chemical compositions of fresh and rotting cacti are 

described by Kircher (1982). The six species of cacti 

differ considerably in the kinds and concentrations of 

nutrients and toxic compounds in their tissues. These 

chemical characteristics place substrate restrictions 

and dependence upon both Drosophila and yeasts. Host 

relationships are also influenced by the distribution of 

the cacti, which forces host shifts as described below. 

2. The Drosophila Set 

The Drosophila set used for the Q-analysis 

consists of the four species of Drosophila that are 

endemic to the Sonoran Desert. Three of these species, 

Drosophila mo.iavensis. D. nigrospiracula. and D. 

mettleri. are capable of breeding and feeding in more 

than one kind of cactus (Heed, 1978). These three 

species belong to the Repleta species group (see Heed, 

1982, for phylogenies and distributions of the Sonoran 

Desert Drosophila). D. mo.iavensis prefers to feed and 

breed in agria in those regions where agria and organ 

pipe are found together (Baja California and a small 

coastal strip north of Bahia Kino in Sonora, Mexico). 
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These flies are able to use organ pipe in areas where 

agria is not found, however. D. nigrospiracula and D. 

mettleri use saguaro as their host in Arizona, U.S.A., 

and in Sonora, but these species are able to shift to 

cardon in Baja California where the saguaro cactus is 

absent. D. nigrospiracula uses the rot pockets of these 

plants, whereas D. mettleri breed in soil soaked by-

drippings from the rots of these cacti and organ pipe 

(Fogelman et al., 1981). D. mettleri adults also have 

been aspirated from necrotic tissue of several of the 

cacti, including senita (Fogelman et al., 1982). 

The only Sonoran Desert species of Drosophila 

that is monophagic is D. pachea of the Nannoptera 

species group. This species is restricted to senita 

through a dependency on A-sterols that are unique to 

this cactus (Heed and Kircher, 1965; Heed and Jensen, 

1966). The other species of Drosophila are excluded 

from senita by the presence of toxic alkaloids (Kircher 

et al., 1967). 

Other host restrictions that limit fly 

distributions are attributable to characteristics of the 

rots or competition between Drosophila species. D. 

nigrospiracula cannot breed successfully in organ pipe 

(and probably agria) because it is intolerant of the 

fatty acids and sterol diols in this cactus (Kircher, 
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1982). D. mo.javensis and D. mettleri are prevented from 

breeding in saguaro and cardon rot pockets by 

competition with D. nigrospiracula (Fellows and Heed, 

1972; Mangan, 1982). D. mettleri is unable to use 

necrotic tissue unless the soil is adequately soaked by 

the juices of the decay. This occurs only under the 

rots of saguaro and cardon. 

Data measuring these associations of the four 

endemic Drosophila species with five species of 

columnar cacti are given by Fellows and Heed (1972). 

These records include the numbers of adult flies trapped 

on artificially rotted cacti and those aspirated from 

natural rot pockets. The baited traps for this field 

study were set at Organ Pipe Cactus National Monument in 

southern Arizona. Besides organ pipe, natural stands of 

senita and saguaro occur in this area. 

Appendix C contains tables of all the data used 

in the Q-analysis of the ecological system presented in 

this paper. Table 1-C in this appendix shows the daily 

average number of each Drosophila species trapped on 

each species of artificially rotted cactus. Table 2-C 

(Appendix C) shows the average number of aspirated 

Drosophila per collection from natural rots. These 

values have been derived from the data of Fellows and 

Heed (1972). The baited traps of this study were 
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designed to retain all arriving flies. Therefore, the 

data for artificial rots measure only one of the 

interactions illustrated in Figure 1, the attraction of 

cacti for adult Drosophila. The data for aspiration 

from natural rots include feeding adults and 

newly-emerged adults. Thus, the interactions measured 

include nutrition (adult and larval) to an unknown 

extent. 

The data in Table 1-C were reconfigured to 

adjust for different densities of natural populations of 

Drosophila in the area in which the artificially rotted 

cacti were used to bait fly traps. The transformed 

data, presented as percentages of total collected flies 

of each Drosophila species that were trapped on each 

species of artificially rotted cactus, are shown in 

Table 3-C (Appendix C). 

3. The Yeast set 

Similar distribution data are available for the 

cactophilic yeasts of the Sonoran Desert. Nearly three 

dozen yeast species and varieties have been isolated 

from cacti and Drosophila. The yeasts most frequently 

encountered represent the genera Pichia, Candida, and 

Cryptococcus (Starmer et al., 1982). The phylogenetic 

relationships of the cactophilic yeasts are summarized 
4 
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by Holzschu and Phaff (1982). 

The yeast set used for Q-analysis consists of 

the ten elements listed in Tables 4-C and 5-C (Appendix 

C). The set comprises nine distinct species. One 

species, Pichia amethionina is represented in the set by 

two varieties since these varieties differ significantly 

in metabolic activity. 

The number of yeasts isolated from cactus rots 

and rot-drenched soil sampled in various areas of the 

Sonoran Desert are given by Starmer et al. (1982). 

Table 4—C is derived from their data. This table shows 

the average number of yeast isolates per cactus for the 

five cacti included in the study of Fellows and Heed 

(1978). Only those yeasts for which Starmer et al. 

(1982) present data with regard to number isolated from 

both cacti and flies are included in Tables 4-C and 5-C. 

The data in Table 4-C are mixed indicators of the 

ability of the yeast to grow on the species of cactus 

and the dispersal activities carrying the yeast to its 

host. The absence of the yeast on a cactus might mean 

the yeast is physiologically incapable of establishing a 

colony on that substrate or the yeast is not transported 

by a vector attracted to that species of cactus. 

The number of yeasts isolated from the crops of 

Drosophila are listed by Starmer et al. (1982). Table 
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5-C presents their data transformed to yield the average 

number of yeast isolates per fly. The data in Table 5-C 

measure the three yeast-Drosophila interactions shown in 

Figure 1. 

A- Excluded System Components 

Several important components of the real-world 

system have been omitted from the model because 

sufficient data are not available. Perhaps the most 

significant of these components is the non-yeast 

microorganisms. A number of species of bacteria have 

been found in association with rots of saguaro and 

cardon (Graf, 1965) and agria and organ pipe (Young et 

al., 1981). These bacteria probably play a major role 

in the nutrition of Drosophila and yeasts (Starmer, 

1982a). Also, the volatiles produced by bacteria can be 

very strong attractants of flies (Starmer, 1982b). 

The most important of the cacti excluded from 

this study is cardon. This cactus allows D. 

nigrospiracula and D. mettleri to extend their ranges 

into Baja California where the other major host of these 

flies, saguaro, is absent. Other cacti used for 

breeding by the Sonoran Desert flies include the 

columnar Pachycereus pecten-aboriginum (hecho), which is 

a host plant of D. nigrospiracula in southern Baja 
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California (Fellows and Heed, 1972), and various species 

of the genera Ferocactus and Opuntia from which D. 

mo.javensis and D. mettleri have been reared (Heed, 

1982). 

Besides the four species of Drosophila endemic 

to the Sonoran Desert, one other species probably plays 

a major role in the system. D. arizonensis, which is 

closely related to D. mo.javensis, breeds primarily in 

cina in Sonora and Opuntia in southern Arizona (Heed, 

1982 ) .  

5. A Finite-State Machine Model 

The cactus-yeast-Drosophila system can be 

described as a synchronous sequential network whose 

behavior is appropriately characterized by a Moore type 

finite-state machine model. Figure 2 shows a diagram of 

the ecological system illustrating the coupling 

relationships for subsystems consisting of the set of 

yeast species (Y) and the set of Drosophila species (D). 

The cactus set, which provides nutrients for the yeast 

and Drosophila sets, provides the external input (I) to 

the system in the form of an n-tuple representing the 

density of rot for each species of cactus. The 

interconnections between Y and D are , the supply of 

nutrients for Y to D, and , the colonization 
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Figure 2. Diagram of the ecological system E, with 
subsystems Y (yeasts) and D (Drosophila). 
showing inputs (I) and outputs (0) to/from 
the system. 
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opportunities from D to Y. The state of the system is 

an n-tuple representing the density of each species of 

yeast in I and the density of each species of Drosophila 

in D, irrespective of the cactus rot in which they are 

located. An explanation of the function defining the 

next state is beyond the scope of this paper. The 

output of the system is identical with the current 

state. 

The system may also be described and analyzed 

through Q-analysis which requires only the selection of 

a relationship of interest between the sets, and 

sufficient data regarding that relationship. The matrix 

containing the raw data for the associations between 

elements of sets must be converted to an incidence 

matrix indicating the binary relations of these sets. 

This conversion is realized through application of a 

mapping function which is described in Section 

Any system that can be described in terms of 

sets and a relationship between the elements of the sets 

can be the subject of Q-analysis. In the following 

section, a system very different from the 

cactus-yeast-Drosophila system is described by a 

Q-analysis model. 



SECTION 3 

THE TRANSPORTATION SYSTEM MODEL 

A Q-analysis of a transportation system has been 

performed to complement the ecological system analysis. 

The transportation system was selected for this study 

because it is very different from the ecological system. 

The feasibility of applying Q-analysis to two systems 

which are widely divergent in the real world 

demonstrates the versatility of the analysis technique. 

The transportation system can be defined for 

Q-analysis by use of pedestrian accident types 

(Knoublauch, 1977), severity of accident, and 

environmental characteristics of the accident site. 

1. The Accident Type Set 

The pedestrian accident types included in this 

study (see Appendix E) are commmonly used in the 

analysis of transportation systems. Data have been 

obtained for seventeen pedestrian accident types, such 

1 6  
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as Midblock Cross, Intersection Dash, and Playing in 

Roadway. 

2. The Environmental Characteristic Set 

This set comprises 47 elements (see Appendix E). 

Each element is a member of a subset or category such as 

surface conditions, number of lanes, presence of signal 

or stop sign, weather, posted speed limit, and other 

characteristics of the accident site. The elements of 

the set used in the Q-analysis are not mutually 

exclusive. It is possible to reconstruct the data to 

form a set wherein each element would represent a 

composite of characteristics from several categories. 

This could produce mutually exclusive elements. Such a 

reconstruction and analysis, however, is beyond the 

sc.ope of this paper. 

3. The Accident Severity Set 

Five degrees of accident severity are considered in 

this analysis: 1) no injury, 2) possible injury, 3) 

nonincapacitating injury, -4) incapacitating injury, and 

5) fatal injury. 
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As the following section explains, a system is 

defined for Q-analysis in terms of two or more sets and 

a relationship between those sets. For the analysis of 

the transportation system, pedestrian accident types and 

environmental characteristics were used for the sets. 

Each of the levels of accident severity was implemented 

as a relationship between the elements of the sets. The 

analysis of the system need not be limited, however, to 

this selection of sets and relationships. It could also 

be analyzed using accident severity and environmental 

characteristics as the sets and pedestrian accident type 

as the relationship of interest (Cramer, 1986). 



SECTION 4 

DESCRIPTION OF THE Q-ANALYSIS TECHNIQUE 

Q-analysis was originally developed by Atkin 

(1974-, 1977) as an approach to inquiry into the 

structural characteristics of social systems. The 

subsequent decade has seen Q-analysis applied in such 

diverse areas as water management (Duckstein, 1983), 

urban planning (Beaumont, 1984.), geology (Griffiths, 

1983), sports events (Gould and Gatrell, 1980), and 

chess (Atkin and Witten, 1975). It has also become 

recognized as a useful tool in ecological studies, such 

as the evaluation of lake ecosystems (Casti et al., 

1979) and predator-prey relationships (Casti, 1979). 

There are many special merits of Q-analysis for 

solving problems regarding complex systems. It demands 

a rigorous definition of data sets and their relations 

and it encourages investigation of the consequences of 

connectivity within the system. Q-analysis requires 

relatively simple calculations and once the sets and 

19 
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their relationships are defined and measured, no further 

information about the system is needed. The techniques 

of Q-analysis provide an algebraic topological framework 

for data reduction that facilitates a macroscopic 

conceptualization of the system. Q-analysis can be 

coupled with the analysis of dynamic patterns supported 

by the structural framework resulting in a discipline 

generally referred to as polyhedral dynamics. 

1. Data and Incidence Matrices 

In order to use a Q-analytic approach to the 

study of the relationship between two finite sets, data 

measuring the interaction between elements of the sets 

are represented in a data matrix. The application of 

Q-analysis will be demonstrated upon a data matrix X 

formed from data in Table 3-C: 

c1 c2 c3 c4 c5 

*<• -;<• 

d1 52.7 13.7 1.5 12.0 20.2 * 

= «• d2 7.1 4-4 1 .8 75.2 11.5 * (Eq. 4-1) 

d3 1.2 0.0 98.8 0.0 0.0 fl

«• 7.1 4-8 28.6 42.9 16.7 it 

# 
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The sets of t. are D = {d, , dt , dj , d,^ , the Drosophila 

species and C = { c, , ct, ..., cs } , the cactus species. 

The data matrix, if, can be mapped into an incidence 

matrix, A, through application of a mapping function 

called the slicing parameter,0. For the present study, 

the mapping is defined as 

| 1 if ajj > Q , 

(Eq. 4.-2) 

0 otherwise, 

where a^ is the binary element in the ith 

row and jth column of the incidence matrix, 

and is its counterpart in the data matrix. 

Application of © = 7.1 to A  yields the incidence 

matrix 

6 

c1 c2 c3 c4- c5 

* *• 

d1 1 1 0 1 1 * 

d2 1 0 0 1 1 «• (Eq. 4.-3) 

d3 0 0 1 0 0 a 

* 1 0 1 1 1 

where the sets are those described for Eq. 4.-1 • 
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The elements of the incidence matrix represent a 

binary relationship, "X , between the sets D and C. Thus 

the incidence matrix can be defined in terms of 

n if d|_ is ̂ -related to cj , 

a{j = < (Eq. 4-4-) 

(O otherwise. 

The element ajj = 1 only if the ith element of the set D 

interacts with the jth element of the set C. 

The multidimensional spaces of the system are 

defined by the simplicial complex Kp (C,A) and the 

associated conjugate complex K^(D,X). The geometrical 

representation of Kq (C,*X) presents the elements of the 

set D as simplices, and the elements of C as vertices. 

The conjugate complex presents these elements with the 

reverse configuration. 

The simplices of the complex are geometrical 

figures representing the relations presented in the 

incidence matrix. For example, a 3-dimensional simplex 

is a tetrahedron, whereas a single-dimensional simplex 

consists of a line. The end points of the line segments 

in these figures are the vertices. 

To illustrate the formation of the complex, a 

relation A ~ D x C can be specified, in which each 

Drosophila species is a simplex defined by the species 
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of cactus that are the vertices. Drosophila species 

sharing the attraction characteristic relative to the 

cacti are connected to form the simplicial complex 

K p ( C ,"X) • 

Each simplex of Kq (C ,*X) is X-related to a number 

of vertices. For example, since Drosophila species 

dj is attracted to four cactus species, the simplex 

representing species d, , , is ̂ -related to four 

vertices. The dimension of the simplex is equal to the 

number of related vertices minus one. Thus, in our 

example is a 3-dimensional simplex. (The APL program in 

Appendix B calculates dimension through a function 

called "Entry Level".) 

Whereas the dimensionality is indicative of the 

relations between simplices and vertices, the 

q-connectivity is a measure of the relations between 

simplices with respect to shared vertices. The 

following definition of q-connectivity is taken from 

Atkin (1974). 

Given the simplices tfp and in the simplicial 

complex K, we say they are q-connected in K if and only 

1. In the conventional notation, the dimension of the 
simplex is indicated with a subscript and the simplex is 
named with the represented set element in parentheses 
(Johnson, 1981) 
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if there exists a finite sequence of simplices such that 

(1) ̂  is a face of 0p, 

(2) tfornis a face of (fr , 

(3) and have a common face (share a face of 

dimension/3,; ) for i= 1, 2,...,(n-1), 

U) q = min \v,/3 t) /3„. t  >r} • 

The simplicial relation described by q-connection is 

symmetric, reflexive, and transitive. 

The concept of q-connection can be demonstrated 

by continuing our earlier example (Eq. 4-3)• Drosophila 

species d, and d^ are attracted to three cacti in 

common. Therefore simplices and are 

2-connected. 

If simplices and are q-connected, they are 

also connected at all lower levels (i.e., 

(q-r)-connected, where r = 1, 2,...,q). 

2. Structure Vectors 

For each dimension q of the complex K we define 

the integer Qfl as the number of distinct equivalence 
r 

classes, each equivalence class composed of q-connected 
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simplices. The first structure vector Q, then, 

describes the structure of simplicial connectivity 

Q = » Q<Uk-i 4-5) 

The structure vector Q is the immediate result of the 

Q-analysis but Q can be used for further analysis. 

In the Drosophila-cactus example, the dimension 

of the complex is 3 (See Eq. 4-3)• The dimension 3 

simplices, fs H) and share only vertices c, , c^ , 

and cj- , however. Thus <£&,) and are only 2-connected 

and the structure vector has two equivalence classes at 

dimension 3 with the membership of each equivalence 

class a single simplex. 

Carrying out these calculations for each of the 

dimensions down through zero provides the first 

structure vector for the example 

Q = ( 2 1 1 1 ) 

where the dimension is indicated above the values. 

A second structure vector, P, can be defined as 

P = )> (Ecl* 4-6) 

where is the number of simplices in the complex K 
v 

with dimension greater than or equal to q (Johnson, 

1976). The second structure vector for this example is 

P= ( 2 3 3 I  ) .  
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P indicates the frequency with which the 

simplices are connected to the vertices. The larger the 

values of P at high dimensions, the greater the 

connectivity. Conversely, Q indicates the extent of 

connectivity among the simplices relative to 

connectivity with the verticial set. 

3. Obstruction Vector 

Another vector generated by Q-analysis, the 

A 
obstruction vector Q, delineates restriction to 

information flow through the complex. Q will be defined 

by noting that the member simplices within each 

equivalence class at dimension k can interact directly 

or indirectly at the kth level. The number of obstacles 

to interaction at dimension k are the number of "gaps" 

A 
between equivalence classes. Therefore, Q is derived by 

subtracting a vector U, consisting of all ones, from the 

A A 
structure vector. Thus, Q = Q - U. The value of Q^, 

then, indicates the number of structural constraints to 

simplicial interaction at dimension k. 

Atkin (1974) presents an algorithm for 

conducting the Q-analysis to produce the structure and 

obstruction vectors. A more concise description of this 

algorithm is provided by Duckstein (1983) and is given 
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in Appendix A of this paper. 

k' Eccentricity 

Whereas the structure vectors and the 

obstruction vector describe global structural 

properties, eccentricity is calculated to determine the 

degree of integration of a specific simplex into the 

whole complex. The eccentricity of a simplex is 

defined as 

dim <T - q* 

ecc (<f ) = , (Eq. 4-7) 

q* + 1 

where dim (T = the dimension of the simplex (T, and q* is 

the maximum dimensional level at which (fjoins another 

simplex in an equivalence class. The difference dim(T- q* 

is a measure of the extent to which <T shares vertices 

with the simplex most highly connected to it. 

Therefore, eccentricity depends only upon a single 

simplex other than (T . 

For simplex (f3 (Jt) of the Drosophila-cactus 

example, the dimension is 3 and the maximum dimension at 

which <GU,) joins another simplex ( ) in an 

equivalence class is 2. Thus from Eq. A-7, 

ecc(f3(d,)) = ( 3  -  2)/ 3 = 1/3 -



28 

The eccentricity of (T3 (dj.) = (2 - 2)/ 3 = 0. These 

eccentricities indicate that conforms to the overall 

structure of the complex better than does 4 (J,). 

5. Complexity 

The results of Q-analysis also can be used to 

provide descriptions of the complexity of the system 

structure. Numerous definitions of this concept can be 

found in the literature. Complexity will be used in 

this paper to compare elements of the sets of the 

cactus-yeast-Drosophila system. 

Casti (1979) lists three axioms to be satisfied 

by any measure of complexity: 

1.) A system consisting of one simplex has a 

complexity of one. 

2.) A subcomplex has a complexity no greater than 

that of the entire complex. 

3.) The combinations of two complexes to form a new 

complex results in a level of complexity no 

greater than the sum of complexities of the 

components. 
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The complexity measure V (K) suggested by Casti (1979) 

is 

diwk _ 

^(K)= 2 [2 CMQk /(d»»k+l)(d,mk+Z)] (Eq. 4-8) 
k.o 

where is the kth component of the structure vector Q. 

The measure ty? (K) satisfies all the axioms stated above. 

Explicit in ^(K) is the recognition that dimensionality 

and the number of equivalence classes are related to the 

complexity of the structure. 
3 O 

For the Drosophila-cactus example, Q = (2 1 1 1) 

with dim K = 3. Thus, 

f(Kj= 2 [ (1 +2+3+8) / (4) (5) ] = 1.4-. 

Several measures of the degree of connection 

between system components are commonly used in 

ecological studies. These measures are often considered 

to be indicators of system complexity. Levins (1974) 

defined mean connectivity as the mean number of links 

between each component and its system. Connectance, a 

more frequently used measure, is defined as the 

proportion of the total possible interactions that 

represent actual interactions in the system (Gardner and 

Ashby, 1970). Calculation of connectance from the 

incidence matrix involves dividing the total number of 
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ones by the total number of elements of the matrix. 

Results of the studies presented in this paper will 

include values of connectance for the sake of comparison 

with the values obtained through Q-analysis. 

6. Stability 

Like complexity, stability has been a difficult 

concept to deal with regarding ecological systems (see 

May, 1974, and Svirezhev and Logofet, 1983, for 

discussions of the controversy concerning the 

relationship of stability to complexity). As pointed 

out by Casti et al. (1979), the Q-analysis technique 

appears to be apropos for the determination of 

structural stability (i.e., the effect of perturbations 

upon the structure vector Q). 

The' attention of ecologists has focused on two 

aspects of relative stability - the resistance of a 

system to displacement and the manner in which a 

displaced system returns to a reference state (Patten 

and Witkamp, 1967; Holling, 1973). Q-analysis is 

especially favorable to development of techniques to 

determine the degree of resistance to displacement. 

The resistance to change of the structure vector 

Q is dependent upon the resistance of the incidence 
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matrix to changes in the data matrix. With a fixed 

slicing parameter 0 , the incidence matrix will be 

modified if a force pushes a datum over the threshold of 

0» (The APL program in Appendix B performs these 

calculations through the function "Convert".) Such a 

change in the incidence matrix may alter Q. The 

structural sensitivity to change, then, can be defined 

as the ease of displacement of a system structure due to 

perturbation of any of the relations which that 

structure comprises. 

Alterations of Q differ in their impact upon 

system structure. In general the lower the 

dimension of a modification of Q, the more simplices 

will be involved in the change and the more profound the 

effect upon system configuration. In the extreme, 

changes in Q at dimension zero will split or coalesce 

the system. Thus, a measure of sensitivity should 

depend upon the structural impact of changes in Q. 

A method of calculating structural 

sensitivity with respect to Q is presented below. 

y 
Let a^j = the datum in the ith row and jth column 

v 
of the data matrix A, 

® = a slicing parameter applied to X, 
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â j = the binary element in the ith row and j th 

column of the incidence matrix A, 

where a^ = 

1 if a£> Q , 

0 otherwise, 

u^k= the number of changes 

in Q at dimension k 

generated by a change (Eq. 4.-9) 

in the binary value ajj. 

The value u^ is the absolute difference in number of 

equivalence classes at dimension k for the comparison of 

Q before and after the change in the incidence matrix 

element ajj . If a change in ajj has no effect upon Q, 

ujjk will equal zero for all k. The total impact upon 

the system resulting from a change in ajj is indicated 

by (J)0j This is the product of u,^ and an inverse 

function of k, summed over all possible values of k. 

Since a change in the incidence matrix can increase the 

dimension of Q by one, the upper limit of k is dim K + 

1. The inverse function of k contributes larger values 
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to the impact (^y for smaller values of k: 

dint  Ktl 

0c; = 2. y . (Eq. 4-10) , 
J fe-O. 

Y\ *1 

Let r = 2/ ̂  
£ J 

Given 0 < Q < r and a^j > 0, let 

b-• = ^ J (Eq. 4-11) 

0ij [ In ( 9C ^.. ")] crt^ruilsC; 
^ Hi 

where o^g is unity at the level of the least 

significant digit of Q. For example, <Hggt = 0.01; 

1  to 
= 1 . 

The value is the product of the impact and 

the relative distance of a£j from © . If a£j is not 

less than S , a correction factor is added to the 

difference because a^* is defined to equal one whenever 

ay equals Q . Thus the change in ajj required to 

change aty is the difference a^y minus Q plus one 

unit. 

The natural logarithm of the relative distance 

of a*,* from 0 is used in order to reduce the 

contribution of the individual aty . If the natural log 

is not used, an exceptional datum may greatly distort 
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the sensitivity of the system. 

The sensitivity, s, of Q to change in the data matrix is 

s = £ £ A,./»» (Ei 4-12) 

where 

v" 
n = the number of rows in A, 

m = the number of columns in X. 

Thus, s represents the inverse of the . proportional 

change in the summed data values that is required to 

v 
alter Q, averaged over the elements in matrix A and 

weighted by an indicator of impact the potential change 

would have upon Q. Sensitivity provides a unitless 

measure that can be used to compare structures of 

different sizes or different scales. 

Stability is measured here as sensitivity rather 

than resistance in order to include impact in the 

measure. The minimum value of (fr; is zero. This occurs 
lJ 

when the change in the incidence matrix does not cause a 

change in Q. In that case the resultant sensitivity is 

zero, which is interpreted to mean the system is 

completely insensitive to the change. 

For the Drosophila-cactus example, the value of 

b,, will be calculated here to demonstrate the 

procedure. First, the impact will be determined. 

The binary element aJ( in the first row and column of 
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the incidence matrix A is 1 as shown in Eq. 4.-3. A 

change in a(, from 1 to 0 will result in a change 

in Q from (2 1 1 1) to (1211). The changes in Q 

occur at dimensions 2 and 3. Therefore, 
4 

(t>„= 2 u((lt (5 - k) = (1) (3) + ( 1) (2) = 5 
k *o 

Next, the relative distance of the datum a„ from Q 

will be calculated. From Eq. 4-1 the sum of the data in 

X is found to be 
v\ m 

r = 21) at,- = 4.00. 
L J 

The slicing parameter <9 =7.1 and - 0.1. The 

datum aj| = 52.7, as seen in ]f of Eq. 4--1 • Therefore, 

aM - Q + **7,1 = 4-5.7. The relative distance of a„ from © 

is 

Thus, b(J = (5) (2.17) = 10.85. The contribution of 

this single relation to the sensitivity of the 

structure is b,( /mn, where m = the number of columns, n 

= the number of rows in )f. Since A is a 4- x 5 matrix, 

this contribution is 10.85/20 = 0.54--

For any datum, the contribution to structural 

sensitivity can be ascribed to any of three causative 

factors: 1) weakness of connectivity between the 

simplices and vertices; 2) potential for the evolution 

of new associations; and 3) noise in the system. 
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Weakness of connectivity is the sole cause of 

sensitivity when the datum is greater than or equal to 

© . When the datum is smaller than & but greater than 

0, both noise and evolutionary potential contribute to 

sensitivity. The greater the ratio datum: © , the 

greater the contribution of the noise. ' If the datum 

equals zero, no noise occurs. 

An indication of the importance of noise in 

structural sensitivity can be derived by altering Eq. 

4-11. For those data smaller than © , the effect of 

evolutionary potential is subtracted from the measure of 

the relative distance of a^- from 0 . The evolutionary 

potential is the inverse of the distance between zero 

and © (the greater the threshold, the smaller the 

evolutionary potential and the smaller the contribution 

to the sensitivity of the system). Thus the 

contribution of noise to the sensitivity for the datum â j 

is 

v V in(i7j^ - Hf-)1- (Eq- 4-i3) 
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This can be simplified to 

(Eq. A-U) 
•a * Vn fel;)' 

the contribution of noise to system sensitivity due to 

the aij datum. The total system sensitivity due to 

noise is 

3 ^  ^  Z £-/mn. (Eq, 4--15) 

s/ 
For the a,-j element of the example matrix (Eq, 

4--1) and a noise threshold of 7.1, 

2. if-*) +io)»5 

and thus the contribution to sensitivity due to noise is 

z.3 = iin (5^ -3 in (-xt=r?) = °-71-

7. Relationships of Structural Measures 

The value of each datum indicates the strength 

of the relation it represents. The mean interaction 

strength of a simplex is defined as the average value 

for the interactions of that simplex with the verticial 

set. A positive difference between a datum and the 

slicing parameter is a direct measure of the strength of 
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interaction between the respective simplex and vertex. 

The greater the strength of interaction, the less 

sensitive the resultant vector will be to perturbations 

in the data. For any simplex, various slicing parameters 

can be chosen to produce different interaction strengths 

without changing the dimensionality of that simplex. 

A negative difference between a datum and the 

slicing parameter is interpreted in the present study as 

a representation of noise level rather than a measure of 

strength of interaction. Noise, in this case, is an 

interference with the binary relationships upon which 

the structure of the complex is based. The slicing 

parameter acts as a filter, specifying the level at 

which a datum will represent a simplex-vertex 

interaction. Data values smaller than this threshold 

are assumed to represent noise in the system. An 

increase in noise decreases the difference between the 

datum and the threshold, consequently increasing the 

sensitivity of Q. 

In terms" of the dynamics of the system, s is a 

measure of the sensitivity of structural bridges and 

gaps to the modification of data. Sensitivity is 

dependent upon dimensionality and q-connectivity, 

characteristics of Q. that are the constraining 



39 

parameters of the dynamic patterns sustained by the 

relational structure. Such patterns, discussed in 

detail below, describe the conditional behavior of the 

system. 

8. Traffic and Backcloth 

The measurements discussed to this point are 

indicators of structural properties that generally wiil 

change rarely or slowly over the lifespan of the system. 

Various sets of entities will operate across the 

framework that these measurements describe. Atkin 

(1974-* 1978) has introduced the terms "backcloth" and 

"traffic" that respectively describe the relatively 

static and dynamic aspects of the system under study. 

Atkin envisions the backcloth setting a stage for the 

flow of traffic - the role the backcloth plays in the 

theater. The backcloth can exist without traffic but 

traffic requires the backcloth for support. 

The traffic is the behavioral characteristics of 

entities operating upon the multidimensional structure 

of the system. The traffic on the complex K is the 

behavior associated with K that is defined on the 

simplices of the complex and can be described by a 
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graded set function 

^ 0 0 1 @ • ® TT, A/ - di'm K; (Eq. 4--16) 

called the pattern of the traffic. Each functionTT1* 

maps the set of k-dimensional simplices into a specified 

number domain. The pattern is restricted to the 

k-dimensional simplices of K. The subgroups of TT can be 

weighted to account for peculiarities of the traffic. A 

change in the pattern TT indicates a flow of traffic from 
one simplex to another. Traffic transmission across 

common faces of simplices at the dimension k requires a 

(k+1)-connection between the simplices. The number of 

distinct (k+1)-connected components in K determines the 

extent of free changes in and, thus, in Tf . 

The obstruction vector is an indicator of the 

gaps that occur in K obstructing free change in the 

pattern rr . The greater the number of equivalence 

classes of simplices at dimension k, the larger the 
/S 

level k value in Q and, consequently, the more obstacles 

to the free flow of traffic. These obstacles, of 

course, are restricted to those related to the basic 

geometry of the complex K. Other constraints to flow 

may result from specific characteristics of the pattern. 

A change in pattern, $Tf, at dimensional level k 



41 

results from a force in K. Thus, the change, 6 IT , may

be due to a force directed toward (attractive k-force) 

or away from (repulsive k-force) a specific simplex. 

The potential of Q-analysis to describe the way 

in which traffic and structure interact is a feature 

that serves to distinguish this technique from those 

that are similar, such as the single-link method of 

cluster analysis (Macgill, 1984-). The description of 

dynamic patterns is of considerable importance in 

evolutionary biology where system configuration 

determines the dynamic interplay between organisms. 

An explanation is given, in the following 

section, of how the measures presented in this section 

were used in analysis of the cactus-yeast-Drosophila 

system. 



SECTION 5 

APPLICATION OF Q-ANALYSIS TECHNIQUE 

1. Application to the Cactus-Yeast-Drosophila System 

The data used as the bases of all structure 

analyses of the cactus-yeast-Drosophila system are 

presented in Tables 2-C, 3-C, 4-C and 5-C of Appendix C. 

Several two-set and three-set simplicial complexes 

of the cactus-yeast-Drosophila system were analyzed to 

provide different views of the relational structure. The 

simplicial set for each two-set complex consisted of the 

set of fly species or the set of yeast species. (The 

Drosophila and yeast species utilize decaying matter for 

nutrition. Therefore, these species will be described as 

"saprotrophic".) The verticial set consisted of either 

the other saprotrophic set or the cacti. The conjugate 

complexes in which the cacti would form the simplicial set 

were not analyzed. The set of cacti represents necrotic 

tissue rather than tissue associated with the reproductive 

plant. No evidence exists showing that the saprotrophic 

42 
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species contribute to the death rate of cacti by causing 

rots or by preventing rots from healing. Thus, with 

respect to organic evolution the set of cacti is a 

nonreactive component of the system. Since Q-analysis 

provides .a simplicial view of connective paths over which 

evolutionary forces can act upon simplices, analysis of a 

complex in which the simplicial set comprises the cacti 

would yield meaningless results. 

For each two-set comparison the analyses were 

performed using four different slicing parameters. This 

allowed an evaluation of the effect of altering the noise 

threshold for each of the various indices. 

Three-set analyses were included to provide a 

broader view of the relational structure. As in the 

two-set analyses, only saprotrophic species were used as 

simplices. To include all three sets in the analysis, two 

sets were combined on one axis and the third set was alone 

on the other axis. For example with the yeast set serving 

as the simplicial set, the Drosophila and cactus sets were 

combined to form the vertices. In order to form the 

combination Drosophila-cactus set, a slicing parameter was 

applied and an incidence matrix produced. Only those 

Drosophila-cactus combinations that are "X-related (thus 

represented in the incidence matrix with a 1) were used as 
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a member of the new combined set. Another incidence 

matrix was then formed using two slicing parameters, one 

for the relationship of the yeast to the cactus in the 

combined set and another for the relationship of the yeast 

to the Drosophila in the combined set. A 1 is placed in 

the matrix only if the slicing parameters are met or 

exceeded for both members of the combination. 

Consequently, the three-set analysis incidence matrix 

results from the application of three thresholds. Each 

value of 1 in this matrix represents the triple relation 

y- X cj and y-t "X dfc and Cj dk . 

For each two-set or three-set complex analyzed, 

the first and second structure vectors, obstruction 

vector, eccentricities, complexity, and connectance were 

calculated. Sensitivity was computed for the two-set 

complexes only. Since three-set complexes have resulted 

from the application of three slicing parameters, the 

computation of sensitivity is much more complicated and 

the resultant measurement is not directly comparable to 

sensitivity as determined for two-set complexes. 

2. Application to the Transportation System 

The data used for the study of the transportation 

system are presented by Cramer, 1986. Two-set simplicial 
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complexes and their conjugates were analyzed over five 

levels of accident severity. Two noise thresholds (at 4 

and 8 occurrences) were applied to the original data 

matrices for this analysis. The maximum number of 

occurrences in the five data matrices were 8, 25, 52, 4-9, 

and 16. In order to make comparisons among all five 

analyses, 8 was selected as the maximum slicing parameter. 

Eccentricities and complexity were calculated in addition 

to the first structure vector. 

An APL computer program written to determine the 

incidence matrix and the content of the equivalence 

classes at each dimension is given in Appendix B. This 

program also calculates the connectance and performs most 

of the computations required to determine sensitivity. 

The measures not computed by this program can be 

calculated readily by hand. 



SECTION 6 

RESULTS AND DISCUSSION 

1. Cactus-Yeast Drosophila Model 

1.1 Comparison of Measures 

In Tables 1-D and 2-D (Appendix D), macroscopic 

indices of the cactus-yeast-Drosophila system structure 

are presented for various slicing parameters for each 

two-set complex studied. Table 1-D shows the first and 

second structure vectors and the obstruction vector. 

Table 2-D gives the values for the scalar measures of 

complexity, connectance, and sensitivity. 

Relationships between the various measures shown 

in these tables may be ascertained through comparison of 

values within and between complexes. These relationships 

are obvious in some cases. For example, the first 

structure vector is perfectly correlated with the 

obstruction vector. Also, the connectance is simply a 

succinct scalar descriptor of the strength of relation 

46 
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between the siraplicial and verticial sets. The second 

structure vector describes the same characteristic. 

Some of the other relationships are not so 

clearcut. Sensitivity does not show a consistent pattern 

of relationship with any of the other measures when data 

resulting from application of various slicing parameters 

are compared within a complex. When the data for all 

analyses are used to compare complexes, however, the 

number and dimensionality of gaps in the obstruction 

vector have a rough correlation with sensitivity values. 

Those complexes with one or more gaps at low dimensions 

tend to have the highest sensitivity. 

Four slicing parameters have been used in the 

analysis of each of the two-set complexes studied. This 

allows an evaluation of the effect of the noise 

threshold on the indices. In each case the slicing 

parameter is set at a value occurring in the data 

matrix. The four values selected include the smallest 

nonzero datum and three other values judged to provide 

likely noise thresholds for the specific interaction of 

sets. 

The results of application of different slicing 

parameters to each complex show that the vectors and the 

connectance are directly related to the threshold while 
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the complexity and sensitivity are not. As the threshold 

increases, dimensionality of the vectors will always be 

non-increasing. The frequency of multiple equivalence 

classes at low dimensions in the first structure vector 

increases with increasing threshold. Consequently, the 

frequency of low dimension gaps increases in the 

obstruction vector. An increase in threshold weakens the 

relation between sets and, as a result, the second 

structure vector and the connectance are diminished. 

1.2 Comparison of Sets 

The data in Tables 1-D and 2-D indicate that the 

two saprotrophic species view the system very 

differently. Comparison of the obstruction vectors in 

Table 1-D shows that, for nearly all levels of slicing, 

nonzero values are more prevalent and occur at lower 

dimensions when the Drosophila constitute the simplicial 

set. The Kp (Ca,A) complex has gaps at dimension two 

when ©= 11.5 or 12.0 and the Kp(C^,X) complex has gaps 

at dimension zero when 0= 9-8 or 35.9. Conversely, the 

Ky (CN ) complex contains no gaps at the four slicing 

parameters used for analysis. The Kp (Y, /C') complex 

contains a larger number of low dimension gaps than are 

contained in the Ky(D, complex. Thus, flow of traffic 
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is relatively more impeded from the Drosophila view of 

the system. 

Examination of the sensitivity measures 

presented in Table 2-D reveals further differences 

between the saprotrophic species. Sensitivity values are 

consistently larger .when Drosophila species represent 

the simplices, regardless of the component used as the 

verticial set. This suggests that the structure of the 

system is less resistant to change from the Drosophila 

viewpoint. 

The measured differences between the 

saprotrophic species might reflect differences in the 

means of dispersal of these organisms. The active 

selection of substrates by Drosophila allows behavioral 

avoidance of competition. The consequent reduction in 

species interaction leads to gaps in the obstruction 

vector and to greater sensitivity to change. 

The occurrence of fewer gaps and lesser 

sensitivity for the yeasts might also be explained by 

the subdivision of the host rot pocket by the resident 

yeast species. The relations expressed in the incidence 

matrix used to form Ky (C^,X) might not represent 

competitive interactions between these species in every 

case. If data were compiled to show occurrences of 
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yeasts and Drosophila in different zones of the rot 

pocket for each cactus species, the resulting 

obstruction vectors would indicate whether habitat 

partitioning is responsible for the differences between 

saprotrophic species. 

Comparison of structures with different vertices 

reveals that both saprotrophic species regard the system 

structure to have fewer gaps, lower sensitivity, and 

lower complexity when cacti rather than the other 

saprotrophic species represent the verticial set. 

Obstruction vector gaps for the Ky(D,X) complex result 

from differentiation between Drosophila with respect to 

preferential feeding on yeasts. Gaps for the K^C^jA) 

complex result from metabolic differences between yeasts 

and from the differentiation between Drosophila with 

respect to preferences for yeasts and cacti, since the 

yeasts are dispersed by the flies. 

1.3 Comparison of Species 

Table 3-D presents the results of the two-set 

analyses that pertain to individual elements of the 

saprotrophic components. The species code is translated 

in the legend at the end of this table. 
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The number of q-connected species of a set is 

directly related to the number of within-set 

interactions occurring at the q level. The equivalence 

classes presented- in Table 3-D indicate that 

interspecific interactions are more frequent among the 

yeasts than among the Drosophila. Pichia cactophila 

(yT), Candida ingens (y8), and Cryptococcus cereanus 

(y9) are q-connected at high levels for the KyCC^/X) 

complex. These species are 3-connected at 0 = 0.08. 

P. cactophila and P. heedi (y2) show the greatest 

connectivity for the Ky(D,"/l) complex. These species are 

1-connected, indicating limited competition for 

dispersive agents may be occurring. 

Analysis of the Kq (Y,X') complex shows very 

little connectivity between the Drosophila species at 

most dimensions, suggesting that competition for yeasts 

is minimal. When © = 0.08, only D. nigrospiracula (d2) 

and D. mettleri (d4) are connected above dimension zero. 

Somewhat greater connectivity occurs within the 

complex. At 0 = 7.1, D. mo.javensis (d1), D. 

nigrospiracula, and D. mettleri are 2-connected. 

The analysis of the Kp (CN , "X ) complex, however, 

indicates that much less connectivity is taking place. 

Drosophila species are connected at no higher than 
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dimension zero when 0=4.6. At 0=9.8, D. mojavensis 

is completely disconnected from the other species, and 

at 0 = 35.9, D. pachea (d3) is also disconnected. 

Eccentricity (Eq. U-l) is another useful measure 

for comparing species. This measures the extent to 

which a species is unusual compared with other species. 

Opportunistic species (those which are generalists in 

substrate selection and utilization) are the most 

eccentric species for both Drosophila and yeasts. With 

eccentricity equated to opportunism in this system, the 

results of Q-analysis remain consistent with conclusions 

drawn from field data. 

The eccentricities of the Drosophila species, as 

shown in Table 3-D, are greatest for the least 

discriminating flies. The order of host-discrimination 

ability for these species, as determined from 

distributions in Tables 2-C and 5-C in Appendix C, 

is D. pachea > D. nigrospiracula > D. mettleri > D. 

mojavensis, on both natural and artificial rots. 

D. mojavensis and D. mettleri are consistently the more 

eccentric species for the K0 (C^ , "X) and Kp (,"X) 

complexes. The order of yeast-discrimination ability 

is D. mettleri> D. nigrospiracula > D. pachea > D. 

mo.javensis. D. mo.javensis and D. pachea are the more 
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eccentric species for the Kq(Y,"X) complex. 

Very little eccentricity occurs for the Ky(CN,"X) 

and Ky (D,"X) complexes. Only P. cactophila, the least 

specialized yeast, shows a finite eccentricity greater 

than zero for yeasts on cacti. For the Ky(D,"X) complex, 

P. cactophila and P. heedi are eccentric at all slicing 

parameters. 

1.4. Three-set Analyses 

Tables 4--D, 5-D, and 6-D (Appendix D) give the 

vector and scalar measures resulting from three-set 

Q-analyses. The elements of the sets used in these 

analyses were derived through application of the 

following slicing parameters: 0^(c*;x)= 4.6, = 0.08, 

0 - 0 7 ,  a n d 0 . 0 8 .  

Comparison of obstruction vectors for the 

Ky (D-Cn , "X) and (Y-CM,^,) complexes, presented in 

Table 4-D, affirms the results of the two-set analyses. 

The obstruction vector for the Ky (D-Cn ) complex has 

fewer low-dimension gaps. This corresponds with the 

general lower number of obstructions for the yeasts1 

view of the two-set structure. The K^.y (C^ , X ) 

complex is intermediate between the other two complexes 

in this respect. 
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Table 5-D shows that the Kp_y (C^,^) complex is 

also intermediate for complexity and connectance. The 

Ky (D-C^j y\) complex is highest with regard to both of 

these measures. 

Table 6-D shows the equivalence classes and 

eccentricities of each of the three-set complexes. The 

pattern of eccentricity is similar to that derived from 

the two-set analyses. 

1.5 Patterns 

The values of patterns on a simplicial complex 

are determined by the connectivity structure of that 

complex. A traffic of activity can be specified for 

each of the complexes of this study. This traffic will 

be a characteristic of the simplicial set. For example, 

population density of Drosophila or yeasts might serve 

as the traffic over the complexes described above. The 

density would be dependent upon the relational 

structure, the backcloth, as "described by the vector and 

scalar measures. A change in the structure, such as the 

increase in ability of a species to occupy a cetain 

host, will provide a force altering the pattern. 

Other population characteristics that might 

constitute the traffic for Q-analyses are 
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fitness-related traits, such as ovariole number or egg 

size in Drosophila, and behavioral traits, such as 

measureable characteristics of mating systems (Markow, 

1982 ) .  

1.6 Suggestions for Future Research 

Cactus-yeast-Drosophila systems have been 

described in regions of Australia (Vacek, 1982; Barker, 

1982), and South America (Fontdevila, 1982; Sene et al., 

1982). The component sets of these systems comprise 

species that are different from those of the Sonoran 

Desert. Application of Q-analysis techniques to these 

systems as well as to dissimilar systems (such as those 

of Drosophila-mushroom relationships, for example) will 

produce indices to be used in making structural 

comparisons. This research would allow an assessment of 

evolution in ecosystem configuration in different 

environments. 
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2. Transportation Model 

2.1 Eccentricities 

Table 1-F (Appendix F) presents all finite, 

nonzero eccentricities derived through Q-analysis of the 

transportation system. Of the 47 environmental 

characteristics , only ROADWAY and SIGNAL NOT PRESENT 

appear in this table. The eccentricity of ROADWAY may 

be due to lack of mutual exclusion of the category 

containing ROADWAY from all the other categories in this 

set. Thus, since all accidents occur either on the 

roadway or on the roadside (most on the roadway), the 

element ROADWAY is very highly connected to the accident 

type set. The moderate eccentricity of SIGNAL NOT 

PRESENT for severity = 3 (nonincapacitating injury) 

and © = 8 is difficult to interpret as it does not 

represent a general condition for this variable. 

Table 1-F clearly shows that three accident 

types are highly eccentric over a wide range of 

severities and at both slicing parameters. For severity 

of one (no injury), the element INTERSECTION CROSS is 

the only simplex that participates in the complex 

at e = 4- and 0 = 8. For the other four levels of 

severity, MIDBLOCK DARTOUT and MIDBLOCK CROSS are also 
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very eccentric, although INTERSECTION CROSS is 

consistently the most eccentric element. These accident 

types have the highest dimensions and do not share 

combinations of environmental characteristics at the 

high dimension levels. 

The high dimension and eccentricity of 

INTERSECTION CROSS may be due to lack of caution by 

pedestrians at marked crossways (Herms, 1972). This is 

substantiated by the behavior of STRIPED CROSSWALK and 

UNMARKED CROSSWALK in the Q-analysis. STRIPED CROSSWALK 

has a consistently higher dimension than UNMARKED 

CROSSWALK, indicating the striped crosswalk is 

associated with more accident types. 

2.2 Structure Vectors and Complexity Measures 

Table 2-F gives the structure vector and 

complexity for each complex with each slicing parameter. 

The complexes formed with the environmental 

characteristics serving as the simplices show almost no 

obstructions in their structures. Thus the complexity 

of these complexes is one (the minimum) in most cases. 

This is caused in part by the relationships between 

elements within categories of the environmental 

characteristics set. Most categories cover all 
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accidents of the study. Therefore, the lack of mutually 

exclusive elements contributes to a high connectivity in 

the complex. 

When accident types are used as the simplicial 

set, the structure contains no gaps and has a minimum 

complexity for the least severe accident level. This 

high connectivity indicates that accident types share 

the same environmental conditions for minor accidents. 

The complexes formed for other levels of severity have 

less connectivity and greater complexity. The structure 

for fatal accidents is the most complex. 

2.3 Equivalence Classes 

System measures such as complexity provide a 

macroscopic view of the structure but are difficult to 

use in decision making. An examination of the 

equivalence classes produced by the Q-analysis, however, 

yields valuable information for the determination of 

changes required to improve the system. The 

environmental characteristics SIGNAL NOT PRESENT and 

STOPSIGN NOT PRESENT have high dimensions for all 

severities of accidents. Investment in signals and 

stopsigns will have an impact on the rates of many types 

of accidents. The element DARKNESS does not occur at 
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high dimensions for most severities but does have high 

dimensionality for fatal accidents. Steps to reduce 

roadway darkness are likely to reduce fatal accidents of 

several types. 

The dimensions of INTERSECTION CROSS, MIDBLOCK 

CROSS, and MIDBLOCK DARTOUT are much higher than those 

of the other accident types. These three elements occur 

over a wide variety of environmental conditions. Other 

studies (Snyder, 1972; Reiss, 1977) have shown that a 

large proportion of these pedestrian accidents involved 

people under 14- years old. The set of environmental 

characteristics used for the present study does not 

include age factors. The most important area of 

investment to reduce these types of accidents may be in 

the education of children. Another possible strategy 

might include restructuring elements of the 

environmental characteristic set to strengthen their 

direction of children into safer behavior. 

Snyder (1972) has found that 85% of pedestrian 

accidents occurred at speeds below 30 mph. The 

Q-analysis of Cramer's data indicates that a greater 

variety of accident types takes place in zones posted at 

35 mph or slower. The elements POSTED 4-0 MPH and POSTED 

45 MPH obtained highest dimensionality for the more 
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severe accidents. More information is required for 

decisions regarding the adequacy of speed postings. 

Data concerning the number of accidents occurring at 

speeds within the posted limits would be helpful in this 

respect. 



SECTION 7 

CONCLUSIONS 

Q-analysis can be used to provide information 

about the structures of very diverse systems. This 

paper demonstrates this versatility by describing the 

analysis of two systems that differ in size, history, 

function, and complexity. 

The analysis of the ecological system reveals 

that system connectivity and sensitivity differs widely 

according to the simplicial and verticial sets studied. 

Also, the least specialized species of Drosophila and 

yeast are the most eccentric. 

These features can be explained, at least in 

part, by the species differences in means of dispersal, 

host discrimination, and partitioning of the host site. 

Another system characteristic, noise as delineated by 

the slicing parameter, is interpreted to represent 

interactions that weaken obstructions by increasing 

opportunities for evolutionary forces to act. 
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The Q-analysis results are consistent with the 

natural history and evolution of these species as 

described from field and laboratory investigations. The 

macroscopic descriptors generated in this study can 

serve as the bases of comparisons of 

cactus-yeast-Drosophila systems and other ecological 

systems. These comparisons might provide information as 

to how the structures of such systems evolve. 

The analysis of the transportation system shows 

that the connectivity is very high and complexity is 

minimal for the environmental characteristics set, to 

some extent because this set contains subsets that are 

not mutually exclusive. Accident severity has a strong 

influence on connectivity and complexity in the 

structure of accident types but has no impact on the 

structure of environmental characteristics. The 

Q-analysis results also suggest traffic engineering 

changes that would have the greatest impact on accident 

structure. 

Q-analysis has been shown to provide system 

measures that can elucidate the natural history of 

species in ecological systems or suggest courses of 

action to be taken to improve transportation systems. 
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The analyses require few data that are easily compiled 

and the computations can be readily performed by an APL 

program. 



APPENDIX A 

AN ALGORITHM FOR CONDUCTING Q-ANALYSIS 
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AN ALGORITHM FOR CONDUCTING Q-ANALYSIS (from Duckstein, 1983) 

1. Form the m x m matrix A A1", where A = the incidence matrix. 

2. Evaluate A A*" - U, where U is an m x m matrix with all elements 

equal to 1. 

3. Retain only the upper triangular part (including the main 

diagonal) of the symmetric matrix A if- U. This is called the 

"shared-face" matrix because it indicates the dimension of the 

faces shared by the different simplices. 

4-. Obtain the structure vector Q by reading from the main diagonal 

(up and to the left or to the right and down). 



APPENDIX B 

AN APL COMPUTER PROGRAM FOR CONDUCTING Q-ANALYSIS 
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>FNS 
ANALYZE CONGEST ENTRY6LEVEL INCIDENCE NOtfefflfER PARA«TERS 
PRINT QftSETS Q&TABLE RESULTS 4 

QVB'PARAMmBS' 
v ^PARAMETERS MjBJA 

[1] B*<(ipA)=AiA)/Afr,M 
[2] EtBUB] 
[3] ' ' 
[43 1 THESE All THE DISTINCT SLICING PARAMETERS FOB YOUR MATRIX 1 

[51 1 ' 
[6] 1 YOU MAY ASSIGN ONE OF THESE PARAMETERS TO THE VARIABLE SLICE 1 

[7] 1 OB YOU MAY USE IT AS THE LEFT ARCUWNT FOR FUNCTIONS:' 
[83 ' ' 
C9] 1 CONVERT ANALYZE Q&TABLE INCIDENCE ENimEVEL 1 

(101 ' ' 
[111 1 IF THERE ARE NO VALUES GIVEN THEN YOUR MATRIX IS EWTYmTlY AGAIN' 
[123 1 ' 

? 

DW INCIDENCE' 
v RfSLICE INCIDENCE DATA 

[1] a Function produces Incidence Matrix for specified slicing parameter 
[2] RfDATAlSLICE 
[3] " 
[43 1 These results are for the slicing parameter '.3SLICE 
[53 " 

? 

OVR'ENTRYAlEVEL' 
7 SLICE ENTBYaLEVEL DATA;0I0;K;TABLE;B 

[1] n Function calculates q-level of entry into syste« 
C23 TABLEfSLICE CITABLE DATA 
C33 OIOl 
[4] Rfr 1 i STABLE 
[51 KH3I0-1 
[63 ' ' 
£73 L:->((ltpTABLEXM+l)/0 
[83 RVALUE FOR ENTRANCE OF VARIABLE X\(5K),' IS '.5MK3 
[93 ' ' 
[103 ->L 

7 



68 

Ql&'Q&TASLZ' 
7 RfSLICE O&TABLE DATA;TBIANGLE:MftTSIXjT 

[1] a Function produces upper triangulr natrix of q-values 
[2] MATBlXtSLICE INCIDENCE DATA a Call function to create Incidence Matrix 
CXI ThltoTBlANCUtMATBm.XttttTm 

C4] RKT».iT)xTOIANCLE-i a Create Upper Triangular Hatrix and subtract one fro 
n uyyer and diagonal values 

[5] ' ' 
v 

DW' ANALYZE' 
7 SLICE ANALYZE DATAjQIO;XOUNT;T;TABLE 

[1] a Function calculates sets for each {-value 
[2] OlOtl 
[3] NOtSLICE INCIDENCE DATA A Call function to get incidence natrix 
C4] " 
[5] NOtMftCES NO A Call function to find elenents with no connection 
[6] TABLEtSLICE Q&TABLE DATA A Call functions to get upper triangular matrix 
[71 K0UNTHH0-2 A Set index at '1 so KOUNT trill be 0 first time through 
[8] L:«0>Qtf/(l i MABLEJ-HJUNMOUNTUVO A 1 i 0 TABLE gives diagonal elemen 

ts as vector 
[93 A T/(expression) gives naximn value, after counter value is subtracted 
[10] A If anxious value left is less than 0 then go out of function 
[111 HYHltpTABLE A Create vector of 1, 2, 3,...up to size of TABLE 
[12] THUTABLE-MK*. >HY A Subtract l's from lower triangular, excluding diagonal 

[13] Q&SETST 
[141 ' 1 

[IS] 4L 
7 

OUB'NONAMEMBEB' 
7 NONotfiMBES NONE;COUNT;NOPE 

[1] A Function is called fro* ANALYZE and calculates uhich elements don't enter 
the systen at this slicing parameter 

[2] COUNWJIO-l 
[3] N0PE<4 
[42 CD:-KCOWMfpNONE)/DD A If counter equals row of natrix then print result 

s 
[5] 4(0=+/NONE[(COUNTtCOUNT+l);])/AA A If rows has no 'l's then add to set at 

AA 
[6] -»CD 
[7] AA:N0PE*N0PE,COUNT A Add row to set of non-entering elements 
[8] 4CD 
[9] DD:RESULTS NOPE 
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•US'EESULT5' 
7 SESULTS NOPE 

CI] n Function is called from KOtfeMftEEK to print results 
[2] *<<>N0PE)*»/EE 
[31 NOPEf NONE' 
C4] EE:'EIemnt(s) not in system at parameter '.(5SLICE),1 = { '.(sNOPE),' >' 
[5] " 

7 

ONSETS' 
? Q&SETS TABLE;OIO;COUKT;T; M; K;COMBO;SETS 

[I] A Function is called fron ANALYZE to calculate sets for each *-value 
[21 DIM 
C3] COUNTHTHtpTOBLE 
C4] LsMf-ftltCOUNT a Initialize and reinitialize indices 
[51 CCsCOtfiOtTABLECK;] A Set COtfiO equal to initial row 
[6] 4<0*t/C0tfi0t7ABLECX;]>/BB n If row contains at least one '1' 
[7] -»(K=T)/0 a If this is last row there is nothing to compare it uith 
[83 *(l=pC0UNT)/O A If no more rows to be compared, <uit 
C9] MUMtCOUNTUKOUNT 
[10] 4CC 
[II] BB:SET5f-K A Put first value in SETS 
[121 SS!4«M*T)v](=T)/PP 
[13] *<0=VO»WTABLE[HtMti;]>/SS 
[14] COtBOtCOMHNTABLETM;] A If rous have any element in ccnmon, conbine them 
[15] SETStSETS,M n If rou has any element in cosaon uith COMBO, add it to SETS 
[16] *SS 
[17] PPsPBINT SETS 
[18] COUNTM""COlOTtSETSVCOUNT A Seset indices to elements not already in a set 

[191 -«09<<>C0UNT>/L 
7 

•VR'PHNT' 
v PBINT SETS 

[1] A Function prints results calculated in INSETS 
[2] 'is'.WV { ',(5SETS),' }' 
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OW CONVERT' 
7 SLICK COtMBT B;K;DIO;DIFF;DIST;BO;H; D 

[ I]  n Function fl ips Incidence Matrix values, one element at a tine 
C23 a Then doss Q-analusic on the altered matrix 
[31 A The function then changes the previously altered elenent back and 
C4] A changes the next element and analyzes, and so forth through 
C51 a entire matrix 
[6] XMIIOtl n Set counter at 1 to start 
[7] BOt.B 
[8] DIFFtB-SLICE A Subtract slicing paraneter fron data matrix 
[9] 'THE MATRIX OF ABSOLUT! DISTANCE VALUES FROM THE PARAMETER •,$SLICE 
[10] " 
[II] sNHDIFF^O.OlxDIFTX) A Add 0.01 to positive or zero entries only 
[12] A and find abolute values of all entries 
[131 " 
[14] DIS7i-,fitDlFF40.0lxDIFF20 A Change to linear array of distances from pararne 

ter, positive and negative 
[15] 4(K=D/DD A If this is first elenent can skip reset of previous element 
[16] CC:B0[K-i]*B0tK-l]4DIST[K-i] A Reset last element to original value 
[1?] DI>:BOCK3«-BO[K3-DISTEK3 A Change new element so Incidence Matrix flips value 

[18] 'THIS IS ANALYSIS FOR CHANGE IN ELEWNT ',(510,' OF UNRAVELED MATRIX' 
[191 COt(pB)pBO 
[20] SLICE ANALYZE CO A Call other functions for Q-analysis 
[211 " 
[22] M+l A Increase counter 
[231 4<X<p,B)/CC n If this was not last element, go through loop again 

7 
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Table 1-C. Average number of Drosophila trapped daily on 
artificaUy rotted cactus.* 

Agria 
Organ 
Pipe Senita Saguaro Cina 

D. mojavensis 50.7 13.2 1.4 11.5 19.4 

D. nigrospiracula 0.8 0.5 0.2 8.5 1.3 

D. pachea 0.1 0.0 8.3 0.0 0.0 

D. mettleri 0.3 0.2 1.2 1.8 0.7 

Table 2-C. Average number of Drosophila aspirated per 
collection from natural cactus rot pockets. 

Agria 
Organ 
Pipe Senita Saguaro Cina 

D. mojavensis 143.0 120.8 0.0 4*6 0.5 

D. nigrospiracula 0.0 0.4 0.1 206.7 0.0 

D. pachea 0.0 0.0 71.6 1.2 0.0 

D. mettleri 0.0 0.6 9.8 35.9 0.7 

 ̂Derived from data presented by Fellows & Heed (1972). 
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Table 3-C. Percentage of collected flies of each Drosophila 
species that were trapped on each species of 
artifically rotted cactus.*" 

Agria 
Organ 
Pipe Senita Saguaro Cina 

D. mojavensis 52.7 13.7 1.5 12.0 20.2 

D. nigrospiracula 7.1 4-4 1.8 75.2 11.5 

D. pachea 1.2 0.0 98.8 0.0 0.0 

D. mettleri 7.1 4.8 28.6 42.9 16.7 

•"Derived from data presented in Table 1-C. 
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Table 4-C. Average number of yeast isolates per sampled 
cactus plant.% 

Agria 
Organ 
Pipe Senita Saguaro Cina 

Pichia cactophila 0.73 0.68 0.13 0.50 1.00 

P. heedi 0.01 0.00 0.63 0.56 0.00 

P. amethionina 
var. amethionina 0.18 0.03 0.02 0.00 0.07 

P. amethionina 
var. pachycereana 0.01 0.00 0.03 0.25 0.00 

P. mexicana 0.03 0.23 0.00 0.00 0.07 

Candida sonorensis 0.41 0.52 0.05 0.08 0.29 

C. sp. "A" 0.07 0.06 0.00 0.00 0.00 

C. ingens 0.07 0.35 0.25 0.25 0.57 

Cryptococcus 
cereanus 0.02 0.13 0.00 0.25 0.29 

Cr. albidus 
var.diffluens 0.03 0.03 0.02 0.00 0.00 

ĵc Derived from data presented by Starmer et al. (1982). 
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JL 
Table 5-C. Average number of yeast isolates per Drosophila crop. 

D. 'mojavensis 
D. nigro-
spiracula D. pachea D. mettleri 

Pichia cactophila 0.62 0.64 0.00 0.57 

P. heedi 0.00 0.17 0.89 0.10 

P. amethionina 
var. amethionina 0.33 0.00 0.00 0.00 

P. amethionina 
var. pachycereana 0.00 0.03 0.00 0.00 

P. mexicana 0.02 0.00 0.00 0.00 

Candida sonorensis 0.28 0.00 0.00 0.03 

C. sp. "A" 0.17 0.00 0.00 0.00 

C. ingens 0.08 0.00 0.11 0.00 

Cryptococcus 
cereanus 0.02 0.03 0.43 0.00 

Cr. albidus 
var.diffluens 0.00 0.00 0.11 0.00 

.sfr Derived from data presented by Starmer et al. (1982). 
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Table 1-D. Structure and obstruction vectors derived through two-set 
Q-analysis of the cactus-yeast-Drosophila system. 

Slicing 1st Structure 2nd Structure Obstruction 
Complex Parameter Vector Vector Vector 

Ky (Cj.j'X) 4 0 4 • 0 4 0 
0.01 (11111) (3 4 9  1 0  1 0 )  ( 0 0 0 0 0 )  
0.07 (1 1 1 1 1) (2 3 4 7 9) (0 0 0 0 0) 
0.08 ( 1 1 1 1 1 )  ( 1 3  4  5  8) (00000) 
0.13 (11111) (12 4 5 8) (00000) 

Kv (D ,*X ) 2 0 2 0 2 0 
1 0.02 (3 11) (3 5 10) (2 0 0) 

0.03 (2 2 1) (2 5 9) (110) 
0.08 (2 2 1) (2 3 8) (1 1 0) 
0.10 (2 11) (2 2 8) (1 0 0) 

K0(CAa) 4 0 4 0 4 0 
1.2 (1 1 1 1 1) (3 3 3 4 4) (0 0 0 0 0) 
7.1 (2 111) (2 3 3 4) (10 0 0) 
11.5 (1 2 1 1) (1 2 3 4) (0 1 0 0) 
12.0 (1 2 1 1) (1 2 3 4) (0 1 0 0) 

K0(Cm,*) 3 0 3 0 3 0 
0.1 (1 2 1 1) (1 3 4 4) (0 1 0 0) 
4.6 (12 1) (12 4) (0 1 0) 
9.8 (2 2) (2 4) (11) 
35.9 (1 3) (1 4) (0 2) 

K (Y , /C) 6 0 6 0 6 0 
v 0.02 (1 1 1 3 4 1 1) (1 1 1 3 4 4 4) (0 0 0 2 3 0 0) 

0.03 (1 3 4 1 1) (1 3 4 4 4) (0 2 3 0 0) 
0.08 (1 2 2 3 1) (1 2 2 4 4) (0 1 1 2 0) 
0.10 (2 2 3 1) (2 2 4 4) (1 1 2 0) 

D = Drosophila Y =Yeasts 
CA= Artifically rotted cacti = Natural cactus rots 
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Table 2-D. Scalar measures of structural characteristics derived 
through two-set Q-analysis of the cactus-yeast-
Drosophila system. 

Slicing 
Complex Parameter Complexity Connectance Sensitivity 

KY(CM 

Ky(D, "X ) 

K0(CA A) 

KN(I,̂ ') 

0.01 1.00 0.74- 0.00 
0.07 1.00 0.50 0.00 
0.08 1.00 0.42 1.72 
0.13 1.00 0.^0 1.28 

0.02 2.0 0.45 5.05 
0.03 1.83 0.4.0 5.98 
0.08 1.83 0.33 4.59 
0.10 1.50 0.30 4.55 

1.2 1.00 0.85 0.00 
7.1 1.4-0 0.60 8.94-
11.5 1.30 0.50 10.21 
12.0 1.30 0.45 10.97 

0.1 1.30 0.60 20.46 
4.6 1.33 0.35 12.69 
9.8 1.00 0.30 12.05 
35.9 1.00 0.25 10.04 

0.02 1.61 0.45 42.83 
0.03 2.13 0.40 . 20.53 
0.08 1.73 0.33 21.64 
0.10 2.10 0.30 13.20 

D = Drosophila CA = Artifically rotted cacti 
Y = Yeasts CN = Natural cactus rots 

K„(cM ,1) 



Table 3-D. Equivalence classes, eccentricity, and percentage contribution to 
sensitivity, determined for the saprotrophic elements from 
two-set Q-analysis of the cactus-yeast-Drosophila system. 

Slicing 
Complex Parameter 

Equivalence 
Classes Element 

% of 
Ecc. Sens. 

1^(0^, A) 
0.01 

0.07 

0.08  

q = yi> y6, y8 
q = 3, yi» y6> y8, y9 All elements have 
q = 2, All except y7 0 eccentricity and 
q = 1, All 0 % of sensitivity. 
q — 0, All 

q 4, yi, ys All elements have 
q = 3, yi» y6, y8 0 % of sensitivity. 
q = 2, yi,y6 y8,y9 Only y10 (ecc. =oo) 
q = 1, y1»y2,y3,y5,y6,y8,y9 has ecc . not equal 
q = 0, All except y10 to 0. 

q = 4, yi yi i 
4 100.0 

q = 3, yi >y6,y8 y2 0 0.0 
q = 2, yt >y6,y8,y9 y3 0 0.0 
q = 1, y1,y2,y6,y8,y9 ŷ  0 0.0 
q = 0, All except y7 and y10 y5 0 0.0 

y6 0 0.0 
yv oo 0.0 
ys 0 0.0 
y9 0 0.0 
yio oo 0.0 

(continued) 



Table 3-D. (continued) 

Complex 

KY(CM /i) 

Slicing 
Parameter 

Equivalence 
Classes Element Ecc. 

% of 
Sens. 

0.13 

Ky (D,"X) 
0.02 

q 
q 
q 
q 
q 

= 4, yi 
= 3 ,  y 1 , y 8  
= 2, y1,y6,y8,y9 
= 1» y1>y2,y6,y8,y9 
= 0 All except y7 and y10 

q 
q 
q 

2, yi » y2 , y9 
1, yi,y2,y6,y8,y9 
0, All 

yi 
y2 
y3 
y4 
y5 
y6 
y7 
ys 
y9 
yio 

yi 
y2 
y3 
yU 

y6 
y7 
ys 
y9 
yio 

JL. 
4 
0 
0 
0 
0 
0 
oo 
0 
0 
oo 

1/2  
1/2 

0 
0 
0 
0 
0 
0 

1/2 
0 

100.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

28.7 
33.2 

0 . 0  
0 . 0  
0 . 0  
5.4 
0 . 0  
5.4 
27.3 

0 . 0  

(continued) 



Table 3-D. (continued) 

Complex 

Kv(D,"xj" 

Slicing 
Parameter 

Equivalence 
Classes 

% of 
Element Ecc. Sens. 

yi 1/2 23.2 
y2 1/2 36.1 
y3 0 0.0 
y^ 0 0.0 
y5 ©o 0.0 
y6 0 4.2 
yv 0 0.0 
y8 1 31.4 
y9 0 5.1 
yio 0 0.0 

yi 1/2 27.4 
y2 1/2 32.7 
y3 0 0.0 
y4 oo 0.0 
y5 oo 0.0 
y6 0 0.0 
yv 0 0.0 
ys 1 3 9 . 9  
y9 0 0.0 
yio 0 0.0 

0.03 

0.08  

q — 2, 
q = 1» 
q = 0, 

q — 2, 
q = 1, 
q = 0, 

yi > y2 
y i » y 2 , y 6 , y 9  ,  y8 
All except y5 

yi , y2 
y i » y 2  ,  y 8  
All except y4- and y5 

(continued) 
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Table 3-D. (continued) 

Complex 
Slicing 

Parameter 
Equivalence 
Glasses Element Ecc. 

% of 
Sens. 

Ky(D,"X) 0.10  q = 2,  yi , y2 yi 1/2  20 .8  
q = 1,  yi »y2 y2 1 /2  38 .3  
q = o,  All except y4 and y5 y3  0  6 .3  

y4  c»o 0.0  
y5 DO 0.0  
y^ 0 6 .3  
y7  0  6 .3  
ys  0  9 .0  
y9  0  6 .7  
yio 0 6 .3  

K ( 0 A I >)  1 .2  q = 4,  d1 ,d2,d4- d1 0  0 .0  
1/ ' q = 3,  d1,  d2,d4- d2 0  0 .0  

q = 2,  d1,d2,d^ d3 0  0 .0  
q = 1,  All dA 0  0 .0  
q — 0, All 

7.1  q = 3,  d1 ,  d/ ,  d1  1 /3  39 .6  
I q = 2,  d1 ,d2,d4 d2 0  0 .0  
} q = 1,  d1,d2,d4 d3 0  0 .0  
i q = 0, All dU 1 /3  60 .4  

i 11 .5  q = 3,  d1 d1 1  43 .1  
s q = 2,  d1 ,  dA d2 0  0 .0  
j q = 1,  d1 ,d2,d4- d3 0  0 .0  ii q = 0, All dU 1 /2  56 .9  
f 
f 

> (continued) . 
3 t 
3 



Table 3-D. (continued) 

Slicing Equivalence 
Complex Parameter Classes 

K P (C A A) 

K 0 (O N ) » 

12 .0  q  = 3,  d1 
q  = 2 ,  d1 ,  U 
q  = 1,  d1 ,d4  
q  = 0,  Al l  

0 .1  q  3,  d1 
q  2,  d1 ,  d2  
q  = 1,  Al l  
q  = 0,  Al l  

4*6 q  2,  d1 
q  = 1,  d1 ,  cH 
q  0,  Al l  

9-8  q  1,  d1 ,  <H 
q  0,  d1 ,  d2  

35 .9  q  1,  d1 
q  = 0,  d1 ,  d3  

% of 
Element Ecc. Sens. 

d1 1 4 6 . 9  
d2 0  0 .0  
d3 0  0 .0  
au 1/2  5 3 . 1  

d1 1  22 .1  
d2 1 /2  33 .7  
d3 0  12 .8  
d4 1 /2  31 .4  

d1 2  32 .6  
d2 0  5 .8  
d3 0  17 .2  
d4 1 4-4 • 4 

d1 00 19.1  
d2 0  20 .5  
d3 0  20 .4  
dA 1 40 .0  

d1 00 16.5  
d2 . 0 23 ,8  
d3 00 28.1  
dA 0 31 .6  

(continued) 



Table 3-D. (continued) 

Complex 

Kp(Y,X') 

Slicing 
Parameter 

Equivalence 
Classes Element Ecc, 

% of 
Sens. 

0.02  q — 6,  d1 d1 5 /2  
q  = 5,  d1 d2  1  
q  = 

4,  d1 d3  1  
q  = 3,  d1 ,  d2  ) d3 d4 1 /2  
q  = 2,  d1 ,  d2  9 d3 ,  d4  
q  = 1,  Al l  
q  = 0, All 

0 .03  q  4 ,  d1 d1 3 /2  
q = 3,  d1 ,  d2  ) d3 d2 1 
q = 2,  d1 ,  d2  9 d3 ,  d4  d3 1 
q  = 1,  Al l  d4  1 /2  
q = 0, All 

0 .08  q — 4,  d1 d1 4  
q = 3,  d1 ,  d3  d2 0  
q = 2,  d1 ,  d3  d3 3  
q  — 1,  d1 ,  d3  9 d2,d4 d4 0  
q = 0, All  

0 .10  q = 3,  d1 ,  d3  d1 3  
q  = 2,  d1 ,  d3  d2 0  
q = 1,  d1 ,  d3  9 d2,d4 d3 3  

.  q  = 0, All  d4 0  

17 .3  
27 .9  
25 .  4  
29 .  4  

12.6  
29.1  
19 .1  
39.2 

15.5  
32.1 
20.5  
31 .9  

14-4  
35 .5  
14 .7  
3 5 . 4  

(continued) 00 



Table 3-D. (continued) 

D = Drosophila C* = Artifically rotted cacti 
Y = Yeasts = Natural cactus rots 

Species codes: 

d1 = D. mojavensis y1 
d2 = D. nigrospiracula y2 
d3 = D. pachea y3 
d4- = D. mettleri 

yA 

= P. cactophila y5 
= P. heedi y6 
= P. amethionina y7 

var. amethionina y8 
= P. amethionina y9 

var. pachycereana ylO 

P. mexicana 
C. sonorensis 
C. sp "A" 
C. ingens 
Cr. cereanus 
Cr. albidus 

var. diffluens 



Table 4-D« Structure and obstruction vectors derived through three-set 
Q-analysis of the cactus-yeast-Drosophila system. 

1st Structure 2nd Structure Obstruction 
Complex Vector Vector Vector 

KH(D-CN,>) 

KD(Y-CH/X) 

5 0 5 0 5 0 
( 1 1 3  1 1 1 )  ( 1 1 3  4 - 4 6 )  ( 0  0  2  0  0  0 )  

10 0 10 0 10 0 
( 1 1 1 1 1 1 1 2  2  3  1 )  ( 1 1 1 1 1 1 1 2  2  4  4 )  ( 0 0 0 0 0 0 0 1 1 2 0 )  

2 0 2 0 2 0 
(1 2 1) (3 5 11) (0 1 0) 

D = Drosophila CA = Artificially rotted cacti 
Y = Yeasts Cw = Natural cactus rots 

Slicing parameters for three-set analyses are: 

a ~ ^.6, @k,(y,v) ~ 0.08, - 0.07 ,  0nr(otx> - o.os. 
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Table 5-D. Scalar measures of structural characteristics derived 
through three-set Q-analysis of the cactus-yeast-. 
Drosophila system. 

Complex Complexity Connectance 

Ky(D-CN,"X) 1.38 0.45 

%(Y-CNA) 1.17 0.32 

V0^ 1.33 0.4-3 

D = Drosophila = artifically rotted cacti 
Y = Yeasts Cg = natural cactus rots 

Slicing parameters for three-set analyses are: 

®K0fc«i/x) = = 0.08, 

= 0.07, 0̂ (0,̂ ) = 0«08. 
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Table 6-D. Equivalence classes and eccentricity, determined for the 
saprotrophic elements from three-set Q-analyses of the 
cactus-yeast-Drosophila system. 

Complex 
Equivalence 
Classes Element Ecc. 

q = 5 ,  y i  y i  1  
q  =  4., y i  y2  1 /3  
q  =  3 ,  y i  ,  y2  ,  y8  y3  0  
q  =  2 ,  yi ,y2,y6,y8 y6 0  
q  =  1 ,  yi >y2,y6,y8 y7 0  
q  = o ,  all ys  1 /3  

q  =  10 ,  d1 d1 10  
q  =  9 ,  d1 d2  0  
q  =  8 ,  d1 d3  1  
q  =  7 ,  d1 OA 1 
q  =  6 ,  d1 
q  =  5 ,  d1 
q  =  4 ,  d1 
q  =  3 ,  d1 ,  d4  
q  =  2 ,  d1 ,  d4  
q  = 1 ,  d1 , d2,d4- , d3 
q  =  0 ,  all 

KJD-CN,*) 

K0(Y-Cm/X) 

(continued) 
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Table 6-D. (continued) 

Complex 
Equivalence 
Classes Element Ecc. 

q = 2, d1-y1,d1-y6,d1-y8 d1-y1 0 
q = 1, d1-y1,d1-y6,d1-y8 , &4-y1,d4-y2 d1-y3 0 
q = 0, all d1-y6 0 

d1-y7 0 
d1-y8 0 
d2-y1 0 
d2-y2 0 
d3-y2 0 
d3-y8 0 
d4-y1 0 
dA-y2 0 

D = Th-nanpTii 1 a 
Y = Yeasts 

C* = Artifically rotted cacti 
= Natural cactus rots 

Slicing parameters for three-set analyses are: 

®K o(C«A) = 4.60, = °"°8' 

©Mc.y, " °-07' - 0-08. 

Species codes are given in the legend of table 3-D. 
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ELEMENTS OF THE TRANSPORTATIONS SYSTEM SETS 

Environmental Characteristics 

1 Roadway 
2 Roadside 
3 Surface condition, normal 
4 Surface condition, bad 
5 2-Way striped median 
6 2-Way no stripe 
7 2-Way painted 
8 2-Way raised median 
9 1-Way street 
10 No relationship 
11 Intersection related 
12 Driveway access/alley intersection 
13 Signal not present 
U Signal present/damaged/temporary 
15 Stopsign not present 
16 Stopsign present/damaged/temporary 
17 Striping not present 
18 Striping present/damaged/temporary 
19 Illumination not present 
20 Illumination present/damaged/temporary 
21 Weather clear 
22 Weather bad 
23 Daylight 
24 Darkness 
25 Dawn or dusk 
26 Ped signal, not present/not working 
27 Ped signal present, working 
28 Left turn crossing phase not present 
29 Left turn crossing phase 
30 1 Lane 
31 2 Lane 
32 3 Lane 
33 4 Lane 
34 5 Lane 
35 6 Lane 
36 7 Lane 

(continued) 
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ELEMENTS OF THE TRANSPORTATIONS SYSTEM SETS (continued) 

Environmental Characteristics (continued) 

37 8 Lane 
38 9 Lane 
39 Striped crosswalk 
4.0 Unmarked crosswalk 
4.1 Posted 1 5 mph 
42 Posted 25 mph 
4.3 Posted 30 mph 
iU Posted 35 mph 
4-5 Posted 4-0 mph 
4.6 Posted -45 mph 
47 Posted 50 mph 

Pedestrian Accident Types 

1 On sidewalk 
2 Midblock cross 
3 Intersection cross 
4. Midblock dart 
5 Intersection dash 
6 Right turn on red 
7 Vehicle turn merge 
8 Multiple threat 
9 Bus stop related 
10 Exit/enter parked vehicle 
11 Trapped by changing light 
12 Disabled vehicle 
13 Hitchhiking 
14- Walking along road 
15 Playing in roadway 
16 Vendor ice cream truck 
17 Vehicle involved in another accident 



APPENDIX F 

DATA RESULTING FROM Q-ANALYSIS OF TRANSPORTATION MODEL 
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Table 1 -F. Eccentricities derived through two-set Q-analysis 
of the transportation system • 

Slicing 
Complex Variable Name Ecc. Parameter 

Kec AT, Roadway .091 4 
Kec(AT, Roadway .143 4 
Kec(AT, 

• 

Roadway .167 8 
Kec (AT, Aj Signal not present .200 8 
K*r (EC, 

) 
Intersection cross .500 4 

Kat (EC, ) Midblock dartout .214 4 
KAT(EC, rt) Midblock cross .077 4 
KAt (EC, Intersection cross .269 4 
Kat (EC, W) Midblock dartout .077 4 
Kat (EC, ) Intersection cross .200 4 
Kat (EC, ) Midblock dartout .111 4 
Kat (EC, Tri) Midblock cross .037 4 
Kat (EC, *;) Intersection cross .818 4 
Kat (EC, Midblock cross .364 4 
Kat (EC, Midblock dartout .200 4 
Kat(EC, Intersection cross 1.000 8 
Kat (EC, 3d) Midblock cross .500 8 
Kat (EC, x;) Midblock dartout .143 8 
Kat (EC, xi) Intersection cross .313 8 
Kat (EC, Xi) Midblock dartout .188 8 
Kat (EC, X» ) Midblock cross .077 8 
Kat (EC, XJ ) Intersection cross .316 8 
K*r (EC, x;) Midblock cross .105 8 
Kat (EC, X'V) Midblock dartout .053 8 
Kat (EC, X) Intersection cross 1.500 8 
Kat (EC, x;) Midblock cross .750 8 
K^ (EC, x-;) Midblock dartout .250 8 

EC = Environmental characteristics 
AT = Accident Types 

Accident Severity (j = 1, 2, 3, 4, 5)'-
1. no injury, 2. possible injury, 3. nonincapacitating 
injury, 4* incapacitating injury, 5- fatal injury 

Note: All other eccentricites at noise thresholds 4 and 8 are 
either zero or infinity. 
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Table 2-F. Structure vectors and complexity measures derived 
through two-set analysis of the transportation system. 

Noise 
Complex Threshold 

1st Structure 
Vector 

Complexity 
Measure 

KEC(AT, "X,) 

KK(AT, 

KEC(AT, *3) 

K6C(AT, X,) 

KCC(AT ,XS) 

KAT(EC,X,') 

0 
4  (1)  1 .00  

0  
8  (1)  1 .00  

3  0  
4  (1  1  1)  1 .00  

2  0  
8  (1  1)  1 .00  

11 0  
4  (1  1  1  1 1 1 1  1  1  1  1)  1 .00  

6  0  
8  (1  2  1  1  1  1)  1 .21  

7  0  
4  (1  1  1  1  1  1  1 )  1 .00  

5  0  
8  (1  1  1  1  1 )  1 .00  

2  0  
4  . (1  1 )  1 .00  

2  0  
8  (1  1)  1 .00  

10  0  
4  (1  1  1 1 1 1  1  1  1  1 )  1 .00  

2  0  
8  (1  1)  1 .00  

(continued) 
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Table 2-F. (continued) 

Noise 1st Structure Complexity 
Complex Threshold Vector Measure 

KAT(EC,Xi) 
4 

20 19 18 17 16 15 
( 1 1 1 1 2  2  

14 13 
2 2 

12..0 
1...1) 1.27 

8 
13 12 11 10 9 
( 1 1 1 1 1  

8 7 6 
2 3 2 

5...0 
1...1) 1.30 

KAT(EC, XI) 
4 

32 31 30 29 
( 1 1 1 1  

28 
1 

27 
2 

26 
2 

25..0 
1...1) 1.10 

8 
20 19 18 17 16 
( 1 1 2  2  2  

15 
1 

14 
1 

13 
2 

12..0 
1...1) 1.29 

KAR(EC,Xv') 
A 

29 28 
(2 2 

27 
3 

26 
2 

25 
2 

24..0 
1...1) 1.36 

8 
24 23 22 
(1 1 1 

21 
1 

20 
2 

12 
3 

18..0 
1...1) 1.19 

KAT(EC, As) 
4 

19.-.15 14 13 
(1 ...1 2 2 

12 
2 

11 
3 

10 
2 

9...0 
1...1) 1.37 

8 
9 8 
(1 1 

7 6 5 
1 2 2 

4 3 2 1 0 
3  1 1 1 1 )  1.42 

EC = Environmental characteristics 
AT = Accident types 

Accident severity (j =1, 2, 3, 4> 5)'-
1. no injury, 2. possible injury, 3. nonincapacitating injury, 
4. incapacitating injury, 5* fatal injury 
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