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ABSTRACT 
 
Many of the paper-based/printable taxonomic key formats available for plant identification are fraught 

with inadequacies: fixed sequence of steps, non- readily amenable to automation or computerisation, lack 
of provision for confirmation of suspected plant identity and indeterminable character states, tedious 

construction and navigation procedures, and inability of users to ascertain the extent of reliability of the 

identification process. Aimed at making the practice of plant taxonomy more attractive, less laborious and 

dreaded, this paper proposes the calculable-contents identification matrix (CCIM), a new key format with 

structural and functionality attributes to circumvent some of the enumerated   challenges. The status and 

prospects of CCIM are discussed with reference to the inadequacies observed  in the dichotomous key 

format  with which most taxonomists are familiar. Based on its features, applicability and potential 

outputs, CCIM is adjudged to be a useful template for reliable manual and electronic methods of plant 

diagnosis. 
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1. INTRODUCTION 
 

Correct identification of plants is an important prerequisite to achieving desired goals in   health 
care [1], sustainable  food production and housing [2], criminal justice [3],  forest resources 

management [4], environmental protection [5] and biodiversity conservation [6]. However, there 

are notable constraints on plant identification that are rooted in the  structure and functionality 

attributes [7] of commonly used identification keys including: being tedious to construct [8], 
having fixed point of entry and daunting path of navigation [7], the problem of ‘unanswerable 

couplet’ [9], the associated ‘momentary distractions’ that can cause a user to forget his or her 

position in a key [10],  being unusable for confirmation of suspected identity, non- readily 
amenable to automation [11], and inability of users to ascertain the extent of reliability of the 

identification process.  For these reasons, plant misidentification, misrepresentation, adulteration 

and substitution frequently occur with associated public health [1], social [12], environmental 
[13], legal [14], and economic [15] burdens. Identification is thus viewed by many practitioners 

as onerous task, and a huge responsibility on the shoulders of plant taxonomists, who, 

unfortunately also, have to contend with a number  of other challenges including  the intricate  

nature and complexity of plant life, and variability in their characteristics [16], and perceived 
tediousness of taxonomic practices along with obsolete tools for identification [17]. All these 

have led to declining interest in plant taxonomy by upcoming students of biology [18].  
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Automation of identification keys appears to be a pragmatic way to enhance the functionality of  
taxonomic keys, but the format  and style of a key  are important features  that determine whether 

it can be automated by computerisation. By definition, computerisation is the process of 

developing, implementing, and using computer systems for activities that were not previously 

carried out by means of computer [19]. A key, which on account of its  design/format  allows  
objective data comparison through numerical computations, is referred to as  being  

programmable or computerisable. When such  key format is implemented with appropriate 

computer language and simulated  with diagnostic data on a plant group, it becomes  a 
computerised key [20]. Conceptualisation of this study was informed by  the determination to 

create a new computerisable  key format with the prospect to ameliorate some of the enumerated 

challenges associated with many of the extant key formats.    
 

Basically, a taxonomic key is derived from a data matrix of a given number of ‘objects’ such as 

plant species. Although it is usually possible to contrive a large number of different keys for one 

set of objects, the functionality of such keys will not be equal [21]. For this reason, invention of 
new key formats shall continue to be a welcome development in taxonomy. It is against this 

background that the present study aimed at making the practice of plant taxonomy more 

attractive, less laborious and dreaded, and so, the objective is to propose the calculable-contents 
identification matrix (CCIM), a new taxonomic  key format with highlights  of features, 

construction procedures and usage that should possibly  make it desirable, either as alternative or 

complementary tool for plant identification.  
 

2. RESEARCH METHOD 
 

2.1. Conceptualisations from Heuristic Approach to Decision Making 
 

In order to actualise the objective of this study, the first step taken was to align with the thoughts 

of Pankhurst (1970) [21] on the two complementary problems in taxonomy, which are still valid 

till date. First problem: ‘given  a set of objects (e.g. plants), examine their characteristics in order  
to find a classification i.e. group the objects into subsets (or taxa), and assign names to the 

subsets’; and second:  ‘given  a classification and an object, identify that object’. In other words, 

given a list of the characteristics of named subsets which are known to exist, and an additional 

object, decide which subset the object belongs (i.e. recognise it, or find its name). Noting  the 
significance of the taxonomists’ diagnostic  key as a tool in the process of identification, the 

second step taken  was to undertake a critical examination  of the formats and styles of the 

available  ink-on-paper  taxonomic key formats along with the challenges  associated with their 
features, construction and application [10]. In doing these, attention was focused mainly on, but 

not limited to the dichotomous key format that is most widely used [22].     

 
In an effort to address some of the inadequacies in some extant key formats, the subject of data 

structure and ‘decision tree’ in computing science were reviewed, and the concept, types and 

functionality of key in computer database management systems (DBMS) were studied [23]. 

Consideration was also given to selection criteria for construction of efficient diagnostic keys 
[24] [25], while efforts made  so far on  the application of information and communications 

technology (ICT), and computer science in developing identification keys  and diagnostic tables 

were reviewed, including  generation of diagnostic keys [21] [26] [27] [20] [28] [29] and 
development of expert systems [25] [2] [22]. Information  obtained from the steps highlighted  

above, along with those obtainable in some mathematical representations of relationships among 

objects, such as matrices [30] were integrated into  a thought  to develop the  calculable contents 

identification matrix (CCIM), a new key format with far reaching desirable  qualities.   
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2.2. A Posteriori Determination of the Status of Characters Applicable in the New 

Key Format 
 
This study derived in part, some strength from the statistics-based conclusions by Adams (1975) 

[31] that discouraged the use of equal weighting in numerical taxonomy. It therefore agreed with 

the concept  and practice of a posteriori character weighting in the classification process [32], 

believing that the taxonomic value of a character is increased  if the biological  significance of the 
character  has been determined. But it has long been established [33] and hitherto believed that 

the biological significance  of many taxonomic characters is unknown or poorly understood. So, 

for all practical purposes and convenience, the classificatory value, herein referred to as 
information content  of a character is accorded the status of biological importance, at least for the 

purpose of taxa delimitation [34]. 

 

2.3. Procurement of Data for the Purpose of Illustration 
 

Wood anatomical data on five medicinal herbs marketed as plant roots in Ogbomoso township, 

south western  Nigeria were sourced for the purpose of illustration  from the 2019 compilation of 

unpublished  results at  the medicinal plants  research laboratory in the  Department of Pure and 
Applied Biology, Ladoke Akintola University of Technology, Ogbomoso, Nigeria. The data 

items were obtained  in accordance with the standard procedures: tissue sectioning/ maceration 

[35], staining, dehydration [36],  mounting [37],  and microscopic observations [38] [39], while 
the terminology and descriptions of observed features followed those of the International 

Association of Wood Anatomists (IAWA Committee, 1989) [40].  Staining was done in 1% 

alcoholic safranin,  mounting was carried out in Canada balsam and observations made using  

Olympus biological microscope CH20i Model with binocular facility.  
 

Twenty-three diagnostic   characters (strictly, character states) were collated, and scored ‘present’ 

or ‘absent’  for each of the five taxa (Table 1). Where a character  was scored ‘present’, it was 
further evaluated quantitatively based on  its frequency of occurrence or percent composition by 

wood tissue volume [41]. Thus, the 23 characters/character states, as defined, including the 

quantified  features   were operationally   qualitative (present or absent),  but each of them was 
accorded quantitative transformation in line with commonly used descriptive terms as follows:   

always present/always found (100%); usually found (60-99%); average occurrence (40-59%); 

sometimes found (10-39%); seldom/rarely found (1-9%); and not found (-100%).     

 

2.4. Design  and Features of  Calculable-Contents Identification Matrix 
 

Adopting  the mathematical definition of  matrix as a rectangular array of quantities or 

expressions in rows and  columns that  is treated  as a single entity, manipulated  according to  

particular rules [30], the CCIM was conceptualised  as a data matrix with recursively  enumerable 
entries in respect of  some objects (in the rows), such that  the process of ‘divide and conquer’ 

can be applied on  the characteristics of the objects (in the columns) to come up  with  precise and 

quantifiable decisions. Such decisions will lead to recognition/ identification of the rows (i.e. the 

objects).  With this background, the CCIM  was  proposed  from the point of  view of a number of 
logical steps as follows: 

 

i. Each character to be adopted in the proposed key format should be unique and clearly 
defined in such a manner that it can be  scored ‘present’ or ‘absent’ for each of the taxa; 

thus the usual character ‘states’  are  elevated to the status of unit characters (see [42]); 

ii. In drawing out characters for the construction of the key, consideration should be given 
to a sizable population and /or observations in each taxon so as to obtain information on 
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the variations or frequency of  occurrence  of the characters in the taxon, and  across the 
taxa involved; 

 

iii. Considering each unit character (which is strictly speaking a character state) in the key, a 

maximum of seven possible quantitative  conditions  or ‘states’ are  proposed, into which  
all the taxa can be classified; these states are determinable  based on the commonly  used 

descriptive  terminology and accordingly assigned weights as follows: 

 
State I: If the character  has 100% frequency of observation  within the population of 

plants/specimens observed in a taxon, the state is ‘always present (AP)’ its effective 

weight being 100%; 
 

State II: If the frequency of observation  of the character in the observed population 

falls between 60-99%, the state is ‘usually present (UP)’ and  its effective weight is 

calculated as the median or arithmetic mean of the range i.e. 80%; 
 

State III: If the frequency of observation  of the character in the observed population 

falls between 40-59%, the state is ‘averagely present (AV)’ and  its effective weight 
is 50%; 

 

State IV: If the frequency of observation  of the character in the observed population 
falls between 10-39%, the state is ‘sometimes  present (SP)’ and  its effective weight 

is 25%; 

 

State V: If the frequency of observation  of the character in the observed population 
falls between 1-9%, the state is ‘seldom/rarely  present (RP)’ and  its effective 

weight is 5%; 

 
State VI: If the character is absent in the entire observed population of a taxon, the 

state is ‘always absent (AB)’ and  its effective weight is -100%; 

 

State VII: If a situation arises when a unit character had earlier been defined, and 
another  is later being defined as an offshoot of the first, the latter character will be 

inapplicable to a plant taxon in which the former character was absent. This state is 

defined as ‘not applicable (NA)’ and its effective weight is 1%. 
 

iv. Where it is not possible to rank the observation of a character in percentage in the 

observed population of a taxon other than to describe it as  present, such character is 
simply recorded as having 100% positive frequency of observation  i.e. AP, and it is 

treated so; 

 

On the whole, there should be a minimum of  two ‘conditions’  or ‘states’ per character per taxon, 
else the character is dropped in the construction of a CCIM; 

 

v. The new identification key is proposed as follows: 
 

a.   The key consists of a table/data matrix of  diagnostic characters in columns; and 

rows of  plant taxa. The body of the matrix  consists of ‘cells’, each of which is  
labeledAP, UP, AV, SP, RP, AB, or NA as appropriate with respect to the 

observations made on the populations of the taxa during the construction of the key, 

while the corresponding  effective weights assigned thereto i.e. 100, 80, 50%, 25, 5, 

-100, and 1 respectively are   defined as footnotes at the bottom of the table/matrix; 
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b.   From the submission in “a” above , it is possible to  calculate a quantity, called the 

information content or relative importance of each of the characters adopted for the 

construction of  the key in accordance with  Bisby (1970) [34] as follows: 

 
  -H= a ln a + b ln b + c ln c…+ n ln n   (1)  

 

where a = the fraction of the plant taxa in ath state; b is the fraction of the taxa  in bth  state 
and so on, such that n = the fraction of the taxa in nth state.  

 

The calculated  information content of each character is recorded in the first row below the 
list  of the diagnostic characters at the top of the table; 

 

c. The final step in the construction of a CCIM is the computation of the sum of 

absolute weighted information contents (SAWIC) which  is achievable following the 
modified  procedure for calculating weighted arithmetic mean [43] as follows: 

 

SAWIC  = ∑ ∣ 𝑤𝑖𝑞𝑖𝑛
𝑖=1 ∣     (2) 

   

where  
 

w = effective weight/ value  for each  character in a taxon 

q = the quantity of information/ information content of a diagnostic character 
i = counter which ranges from 1 to n where n is the total number of  characters used 

 

The SAWIC of each taxon is recorded  for it  in the last column  of the table, to 
give the generalized CCIM as shown in Table 1 with ‘x’ number of taxa and ‘n’ 

number of diagnostic characters. 

 

d. For  avoidance of  possible ambiguity arising from a large number of  taxa and/or 

characters, the matrix could be fragmented  over a number of pages of paper  in such 

a way that in the few  taxa (or rows) considered in the first page,  all the characters  

(or columns) should be listed first, possibly running  to the next few pages, 
following which their SAWIC and ASWIC are recorded; then, consideration is given  

to the next set of taxa for the same set of characters, and so on (see Table 2). 
 

Table 1: Generalised Calculable-Contents Identification Matrix 
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Ch = diagnostic character; q = information content/relative importance of a character;  SAWIC = 
sum of absolute  weighted information content; w = effective weight of the range of frequency of 

observations  ofa character in a taxon: AP = Always present (100%); UP = Usually present (60-

99%frequency;effective weight 80%); AV = Averagely present (40-59% frequency; effective 

weight 50%);  SP =  Sometimes present (10-39% frequency; effective weight 25%);  RP =  
Rarely present (1-9% frequency; effective weight 5%); AB = Absent (effective weight -100%); 

NA =  Not applicable (effective weight 1%). The effective weight of ‘states’ for each character is 

the arithmetic mean of its range of observations. Information content (q) is calculated following 
Bisby (1970) in accordance with equation 1. 
 

Table 2:   Wood Anatomy-based Calculable –Contents Identification Matrix (CCIM) for  Five Medicinal 

Herbs  in Ogbomoso, Nigeria 

 

 
SAWIC, Sum of absolute  weighted information content; ARRI, Arristolichia . ringens; CAHA, 
Calliandra haematocephala; PANI, Parquetinanigrescens; SALA, Sarcocephaluslatifolius; ZAZA, 

Zanthoxylum zanthoxyloides; Frequency of observation  of  characters  and their effective 

weights: AP, Always present (100%); UP, Usually present (80%); AV, Averagely present (50%);  
SP, Sometimes present (25%);   RP, Rarely present (5%); AB, Absent (-100%); NA, Not 

applicable (1%).  The effective weight of ‘states’ for each character is the arithmetic mean of its 

range of observations.  
 

2.5. Procedure  for Plant Identification Using CCIM 
 

A set of rules is being proposed for using a CCIM to carry out identification of plant specimens. 
The process of identification involves the construction of a plant specimen evaluation table 

(PSET) from the features observable on the unknown plant specimen using the identification 

matrix as a guide.  In adopting this procedure for  a reliable identification exercise, a sizable 

number of plant samples should, as much as  practicable,  be examined and the observations 
should be quantified  as  percent  occurrence  within the samples examined. The proposed rules 

are as follows: 

 
Step I: Draw a plant specimen evaluation table (PSET), which consists of  rows, about the 

number  of the taxa in the key (i.e. CCIM) to be used, and  columns, about the number  of the 

diagnostic characters the user intends to  make use for identification; 
 

Step II: Select a character from the CCIM, starting with any  of the diagnostic features in the 

list, and write this out at the top  of the first  character column in the PSET; 
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Step III: Evaluate the specimen(s) of the plant to be identified and determine its status based 
on the selected character as follows: 

 

a. If the character is absent/ not observable in the plant specimen(s), then check through  

the list of taxa  on the CCIM for those  having AB as character state for the  character 
under consideration. Regarding each of these taxa in the matrix as  ‘potential identity’ 

of the unknown plant, copy their names into the cells of the selected character column 

in the PSET; calculate the respective observed  weighted information content (OWIC) 
for the selected  taxa as  -100q, where q is the information content  for  the character (as 

indicated in the CCIM) and record  same on the PSET as appropriate (e.g. see column 

number 1 in table 3); 
 

b. If the character is present/ observable in the  plant specimen (s) for identification, 

determine first, the frequency of observation  of the character in some samples of the 

plant and use this to calculate  the OWIC for the affected taxa in the CCIM as follows: 
 

- For 100% frequency of observation, check  through the list of all the taxa on CCIM 

which have AP, UP, AV, SP and RP for the character being considered. Regarding 
each of these taxa as  ‘potential identity’ of the unknown plant, copy their  names   

into the cells of the  selected character column in the PSET, calculate and record the 

OWIC for them as wq where w is the effective weight (100, 80, 50, 25 and 5 
respectively) and q is the information content of the character as indicated in the 

CCIM, and record on the PSET  as appropriate (e.g. see column number 2 in Table 

3); 

 
- For 60- 99% frequency of observation, check  through the list of all the taxa on 

CCIM which have UP, AV, SP and RP for the character being considered. Regarding 

each of these taxa as  ‘potential identity’ of the unknown plant, copy their  names   
into the cells of the  selected character column in the PSET, calculate and record the 

OWIC for them as wq where w is the effective weight (80, 50. 25 and 5 respectively) 

and q is the information content of the character (as indicated in the CCIM); 

 
- For 40- 59% frequency of observation, check through the list of all the taxa on 

CCIM which have AV, SP and RP for the character being considered. Regarding 

each of these taxa as  ‘potential identity’ of the unknown plant, copy their  names   
into the cells of the selected  character column in the PSET, calculate and record the 

OWIC for them as wq where w is the effective weight (50. 25 and 5 respectively) 

and q is the information content of the character as indicated in the CCIM, (e.g. see 
column number 8 in Table 3); 

 

- For 10- 39% frequency of observation, check through the list of all the taxa on 

CCIM which have SP and RP for the character being considered. Regarding each of 
these taxa as  ‘potential identity’ of the unknown plant, copy their  names   into the 

cells of the selected  character column in the PSET, calculate and record the OWIC 

for them as wq where w is the effective weight (25 and 5 respectively) and q is the 

information content of the character  as indicated in the CCIM , (e.g. see column 
number 9 in Table 3); 

 

- For 1- 9% frequency of observation, check through the list of all the taxa on CCIM 
which have only RP for the character being considered. Regarding each of these taxa 

as  ‘potential identity’ of the unknown plant, copy their  names   into the cells of the  

selected character column in the PSET, calculate and record the OWIC for them as 
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wq where w is the effective weight of 5 and q is the information content of the 
character as indicated in the CCIM, (e.g. see column number 7 in Table 3); 

 

c. If the character is present in the plant specimen for identification but  it is not possible  

to evaluate the  frequency of its observation (perhaps  due to insufficient time, lack of 
appropriate methodology or equipment or due to  unavailability of enough plant 

material, etc.), the observation, for convenience is regarded as  being of 100% 

frequency distribution. It is thus treated in this context for the computation  and 
recording of OWIC i.e. using 100, 80, 50, 25 and 5% as effective weights; 

 

d. If the character is inapplicable to the plant specimen, check the list of all the taxa on 
CCIM which haveonly NA for the character being considered. Regarding each of these 

taxa as  ‘potential identity’ of the unknown plant, copy their  names   into the cells of 

the selected  character column in the PSET, calculate and record the OWIC for them as 

wq where w is the effective weight of 1% and q is the information content of the 
character (e.g. see column number 13 in Table 3; 

 

e. As alternative to copying only the names of taxa which exhibit the features evaluated in 

the unknown plant specimen into the PSET, the names of all the taxa in the key could 
be copied into the first column of PSET from the onset but OWIC is  calculated for only 

those taxa that fall in line with the result of specimen evaluation; 

 
Step IV: Select another character  from the CCIM, write  it at the top  of the second character 

column in the PSET and repeat step III above, ensuring that each row is exclusively assigned 

to a taxon,  until all the  characters determinable by the user  on the ‘unknown’ plant have 

been exhausted; 
 

Step V:  Determine the sum of observed absolute weighted  information content (SOAWIC)  

for all the taxa involved  in the computation  on the PSET by adding up the  absolute values of 
weighted observations  row by row and recording same at the next column of  PSET; the name 

of the taxon with the highest value of SOAWIC is taken as the identity of the unknown plant 

specimen; 
 

Step VI: Compute the reliability  of identification (RID) for each of the  taxa involved  in the 

PSET as  follows: 

 

RID = 𝑆𝑂𝐴𝑊𝐼𝐶

𝑆𝐴𝑊𝐼𝐶
× 100      (3) 

 

where SAWIC = sum of  absolute weighted information content for each  taxon as indicated  in 
the last but one column  of the CCIM. 

 

2.6. Procedure for Confirming Suspected Plant Identity Using   CCIM 
 

The procedure for confirming a plant’s identity involves  computation of  the sum of suspected 

absolute weighted information content (SSUAWIC) for the suspected taxon  on the one hand, and 
all the unsuspected taxa on the other hand,  and comparing the magnitudes of  these values as 

follows: 

 

Step I: Prepare  a plant specimen evaluation table (PSET), which consists  of as many rows as 
the number of taxa in the key (CCIM) to be used, and  columns as the  number of characters 

the user intends to  apply for the confirmation exercise; 
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Step II: Copy the names  of all the taxa from the CCIM into the first column of PSET,  starting 
with the name of the suspected taxon (e.g. see column number 1 in Table 3); 

 

Step III: Focusing on the suspected taxon first, select and copy one character intended for use 

into the top of first character column of PSET (as shown in column number 2 in Table 3); 
evaluate the  plant specimen whose identity is being confirmed based on the character; if 

frequency  of observation of the character in the suspected  taxon falls within the limits 

recorded from  the specimen,  compute the suspected absolute weighted information content 
(SUAWIC) as wq for the suspected taxon; else, skip the use of the character  and proceed to 

the next, until all the characters evaluated on the specimen have been considered;   

 
Step IV: Select  and copy the next character into the next column, and repeat ‘step III’ above 

until all the characters  intended for use in the exercise have been picked; 

 

Step V: Determine the sum of suspected absolute weighted information content (SSUAWIC) 
for the suspected taxon by adding up the SUAWIC values; then compute the reliability of 

confirmation for the taxon (RCST) as follows and record as appropriate: 

 

RC = 𝑆𝑆𝑈𝐴𝑊𝐼𝐶

𝑆𝐴𝑊𝐼𝐶
× 100      (4); 

 

where  SAWIC = sum of absolute weighted information content for the suspected taxon as 

indicated in the last column of the CCIM. 
 

Step VI: For each of the ‘unsuspected taxa’ in the PSET, repeat  ‘Step III’ above using the 

same set of characters; 
 

Step VII: Repeat ‘Step V’ above, and hence compute the reliability of confirmation for each 

unsuspected taxon  (RCUT) as  indicated in equation (4) and record as appropriate; 
 

Step VIII: Compare the magnitude of  SSUAWIC  of suspected taxon with those of the other 

taxa  in the PSET.  If this valueis highest, suspicion is correct, else, it is incorrect.  

 
In summary, if a taxon name is suspected for a plant specimen in hand, evaluate the specimen 

based on a number of observable features listed in the CCIM, and  use these to calculate 

SSUAWIC  for the suspected  taxon on the one hand, and all the unsuspected taxa on the other. In 
all the cases, for a character to be used in the computation, the frequency  of  observation of the 

character in a  taxon should fall within the limits recorded from  the specimen. Finally, compare 

the magnitudes of SSUAWIC values in all the taxa involved and draw a conclusion.  
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Table 3: Type I plant specimen evaluation table for a manual trial identification exercise using a CCIM 

 

 
 

SAWIC, sum of absolute weighted information content; SOAWIC, Sum of observed absolute 

weighted information content;RID,  reliability of identification; ARRI, Arristolichia . ringens; 
CAHA, Calliandra haematocephala; PANI, Parquetina nigrescens; SALA, Sarcocephalus 

latifolius; ZAZA, Zanthoxyllumzanthoxyloides. SALA with the highest SOAWIC (i.e. 890.20) 

was taken as the identity of the trial herb with  reliability of identification (RID)  being  65. 62%. 

 
Table 4:  Type II plant specimen evaluation table for a manual trial identification exercise using a CCIM 
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SAWIC, sum of absolute weighted information content; SOAWIC, Sum of observed absolute 
weighted information content; RID,  reliability of identification; ARRI, Arristolichia . ringens; 

CAHA, Calliandra haematocephala; PANI, Parquetina nigrescens; SALA, Sarcocephalus 

latifolius; ZAZA, Zanthoxyllumzanthoxyloides. SALA with the highest SOAWIC (i.e. 890.28) 

was taken as the identity of the trial herb with  reliability of identification (RID)  being  65. 62%. 
 

Table 5:   Plant specimen evaluation table for  manual trial confirmation of Aristolociaringens, a suspected 

plant identity  using CCIM 

 

 
 

SAWIC, sum of absolute weighted information content; SSUAWIC, sum of suspected absolute 

weighted information content;  RC,   reliability of confirmation ARRI, Arristolichia . ringens; 
CAHA, Calliandra haematocephala; PANI, Parquetina nigrescens; SALA, Sarcocephalus 

latifolius; ZAZA, Zanthoxyllumzanthoxyloides. ARRI the suspected taxon name did not record 

the highest SSUAWIC value, so the suspicion was taken as incorrect. SALA with the highest 
SSUAWIC value(890.28) was the correct identity.  

 

2.7. Illustrative Execution of the Propositions 
 

Execution of the propositions from this study was carried out in three phases:   construction, 
manual trial applications and Microsoft excel-driven multiple trial applications of the key[44] .  

The output of the first phase  (i.e. the constructed key) served as  tool for the second (i.e. manual  

trial identification and identity confirmation) and third phases. Preparatory to the third phase 

trials, the constructed CCIM was reproduced on an excel spreadsheet page in which the 
descriptive information in the body of the key i.e. AP, UP, AV, SP, RP, AB and NA were replaced 

with their effective weights 100, 80, 50, 25, 5, -100, and 1 respectively as earlier explained.  In all 

the phases, the same set of 13 out of the 23 wood anatomical characters obtained as earlier 
described were used.  

 

At the third and final phase of execution, a trial identification was carried out  for each of the five 

taxa in the key by asking a research assistant to select a set of data  from the CCIM pertaining to a 
taxon whose identity was hidden from the key user. The data so selected were used to implement 

the relevant provisions of the key before the plant’s identity was revealed. Trial identity 

confirmation was also undertaken for each of the five taxa following a two-stage process with 
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Microsoft excel software [44]. Firstly, the 13-character data set for a known taxon ‘A’ in the key 
were deliberately used as standard for computing SSUAWIC, an identity confirmation index of   

another known taxon ‘B’, whose name was  therefore being incorrectly suspected in the exercise. 

Secondly, the true data set for the incorrectly  suspected taxon ‘B’ as recorded in the key were 

used for the computation as a form of ensuring  correct identity suspicion and confirmation. 
Thereafter, the two results were compared  in order to highlight the applicability  of the newly 

designed key format for the purpose. 

 

3. RESULTS AND ANALYSIS 
 

3.1. Statement of the Results 
 

The results of this study are presented in Tables 1-7. Table 1is the generalised CCIM while Table 
2 is the wood anatomy-based calculable-contents identification matrix (CCIM) usable for 

identification of five medicinal herbs sold as roots  in Ogbomoso, Nigeria. Tables 3 and 4 are the 

outcomes of  manual  trial identification  exercise, indicating that  the identity of the trial plant 
specimen was Sarcocephalus latifolius, with the highest  sum of observed absolute weighted 

information content (SOAWIC) being 890.20 and  reliability of identification (RID) being  65. 

62%. A trial suspicion that the plant specimen earlier identified as Sarcocephalus latifolius was 
Aristolochiaringens yielded Table 5 as the outcome of the manual confirmation exercise.  The 

entries in Tables 6 and 7 are the outputs of multiple trial identification and identity confirmation 

respectively using Microsoft excel software.  

 
If one examines the entries  in Table 5, one discovers that  A. ringens , the suspected name did 

not record the highest value of  SSUAWIC. This result indicates that the suspected plant name 

was incorrect, and in fact, the correct name of the plant was Sarcocephalus. Latifolius as earlier 

identified, with  the highest SSUAWIC value of  890.28.  Applying  the same set of data used for 

the computation in Table 4, if instead of suspecting A. ringens, the user had suspected S. 

latifolius, the SSUAWICof A. ringens would still have been  334.20  while also,  that of S. 

latifolius would still have been the  highest (i.e. 890.28) and the suspicion would have been 
adjudged accurate (See Table 7).  
 

Table 6: Outputs of multiple trial identification exercises conducted using Microsoft excel software 

 

Trial  

identification 

SOAWIC and RID (%) values      

ARRI CAHA PANI SALA  ZAZA      

ARRI 

 
1151.75 

(71.77) 

373.43 

(36.45) 

587.47 

(52.64) 

267.55 

(19.72) 

 368.72 

(25.74) 

     

CAHA 

 

0.50 

(0.03) 
614.29 

(59.64) 

244.19 

(21.88) 

90.90 

(6.70) 

 168.32 

(11.75) 

     

PANI 

 

267.55 

(16.67) 

318.89 

(30.96) 
681.89 

(61.10) 

296.05 

(21.82) 

 273.72 

(19.11) 

     

SALA 

 

267.55 

(16.67) 

72.29 

(7.02) 

338.22 

(30.31) 
890.28 

(65.63) 

 420.87 

(29.39) 

     

ZAZA 

 

295.4 

(18.41) 

133.47 

(12.96) 

271.07 

(24.29) 

390.78 

(28.81) 

 910.98 

(63.61) 
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ARRI, Arristolichia . ringens; CAHA, Calliandra haematocephala; PANI, Parquetina nigrescens; 
SALA, Sarcocephalus latifolius; ZAZA, Zanthoxyllum zanthoxyloides. SOAWIC, Sum of 

observed absolute weighted information content; RID,  reliability of identification; the RID 

values are shown in parentheses, while the highest value of SOAWIC in each row identified the 

taxon in the row 

 

3.2. Structure and Functionality of the Newly Designed Matrix Key System 

 
The most frequently used tool for plant identification is the dichotomous key[45]. This is a type 

of single-access device which is notable for the various weaknesses earlier enumerated. Random-
access or multiple-access key  is an identification tool that helps to overcome some of these 

challenges. The matrix key system is a multi-access or free-access key format, which is 

associated with some notable merits: It is more flexible than single access keys in that it affords 
the users the freedom to decide on which characters to choose for scoring, and  in which 

order/sequence preferred. Therefore it allows users  to ignore those features that are not clear to 

them (i.e. unanswerable questions) and still be able to get a reliable diagnosis, or at least a short 

list of likely identities [2]. This account has only partly described the salient  properties of the 
newly developed CCIM, with more desirable functionality attributes. Even at that, for the full 

potentials of this new key system to be realisable, three conditions are important for compliance: 

firstly, emphasis  shouldbe on the use of characters that can be scored as  ‘present’ or ‘absent’; 
secondly, for each character, a minimum or two states or conditions should apply across the taxa; 

and lastly, reasonably wide margins in-between the calculated SAWIC values of the taxa should 

be ensured by increasing the number of diagnostic characters as may be deemed necessary to 
achieve this target. 

 
The use of matrix for identification of living organisms is a practice that has existed for some 
centuries [46]. The procedure follows the principle of elimination of known taxa with conflicting 

results  on the basis of characters scored for an unknown taxon. In its strict sense, the design of 

matrix as identification  device was not  to identify a specimen, but to say what a specimen  was 
not [47]. Its performance   can be enhanced  bycomputerisation so that as results of the unknown 

taxon  are supplied in a new row of taxa, the number of matrix rows displaying  all the known 

taxa will decrease as those with conflicting  information are progressively  removed from the list. 

Identification matrix is therefore  best in narrowing down the number  
 
Table 7: Outputs of multiple trial identity confirmation exercises conducted using Microsoft excel software 

 

Trial suspicion 
Number 

of trial 

SSUAWIC and RC (%) values 

 
Conclusion 

on suspicion 

  ARRI  CAHA PANI SALA ZAZA  

ARRI 

 

 

1st 

334.20 

(20.82) 

  

351.88 

(34.16) 

 

 

552.2 

(49.49) 

 

890.28 

(65.63) 

 

 

628.0 

(43.85) 

 

 

incorrect 

 2nd 
1151.75 

(71.77) 

 

 562.05 

(54.56) 

 

667.45 

(59.81) 

 

334.20 

(24.64) 

 

628.65 

(43.89) 

correct 

CAHA 1st 

295.4 

(18.41) 

 

 358.14 

(34.77) 

463.54 

(41.54) 

516.34 

(38.06) 
910.98 

(63.61) 

incorrect 

 2nd 

95.50 

(5.95) 

 

 614.29 

(59.64) 

244.19 

(21.88) 

130.89 

(9.65) 

139.96 

(9.77) 

correct 
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PANI 1st 
1151.75 

(71.77) 

 

 562.05 

(54.56) 

 

667.45 

(59.81) 

 

334.20 

(24.64) 

 

495.35 

(34.59) 

incorrect 

 2nd 

267.55 

(16.67) 

 

 

 457.74 

(44.44) 
681.89 

(61.10) 

355.04 

(26.17) 

373.69 

(26.09) 

correct 

SALA 1st 

95.50 

(5.95) 

 

 614.29 

(59.64) 

244.19 

(21.88) 

130.89 

(9.65) 

234.97 

(16.41) 

incorrect 

 2nd 

334.20 

(20.82) 

 

 190.88 

(18.53) 

391.28 

(35.06) 
890.28 

(65.63) 

628.0 

(43.85) 

correct 

ZAZA 1st 
267.55 
(16.67) 

 

 457.74 
(44.44) 

681.89 
(61.10) 

224.65 
(16.56) 

267.05 
(18.65) 

incorrect 
 

 

 2nd 
295.4 

(18.41) 

 358.14 

(34.77) 

463.54 

(41.54) 

516.34 

(38.06) 
910.98 

(63.61) 

correct 

 

ARRI, Arristolichia ringens; CAHA, Calliandra haematocephala; PANI, Parquetina nigrescens; SALA, 

Sarcocephalus latifolius; ZAZA, Zanthoxyllum zanthoxyloides. SSUAWIC, sum of suspected absolute 

weighted information content;  RC,  reliability of confirmation (shown in parentheses); the highest 

value of SSUAWIC in the second trial row of each taxon  confirmed the identity of that taxon. 

 

of possible identities of an unknown taxon to generate a short-list [48]. Discriminatory features 

from detailed descriptions of the taxa in question will then have to be sought [49]. 
 

Although printable free-access keys are available, they are most suitable for computer-aided 

identification tools such as DELTA-Intkey, Lucid, Navikey and  Xper  [9]. All such computer-
aided identification tools  have their origin in Database Management System (DBMS) key, which 

is a set of attributes that help to uniquely  identify a row (i.e. tuple or a taxon) in a relation (i.e. 

table or matrix) by a combination of one or more columns or the diagnostic characters [23]. The  

newly designed CCIM  is presentable and usable in printed form, and being matrix-based, the key 
format possesses those desirable characteristics of multi-access keys earlier enumerated. In 

addition, it has the potential that its construction and navigation for plant identification, and 

identity confirmation can be automated. This assertion is premised upon the fact that the 
algorithms  for these  three tasks have been articulated in this paper, all of which are  in 

compliance with  the stipulated conditions  of an executable computer algorithm [50].  With the 

widespread availability of standard spreadsheet  and database programs,  the number of taxa and 

the amount of characters applicable in this key format are limitless [28]. The CCIM is therefore a 
potential addition to the list of extant computer-aided identification tools.  

 

3.3. Applicability of the CCIM 
 

The argument that manual procedures for  constructing and browsing the CCIM are tedious, 

boring and time consuming is valid, at least from the point of view of the propositions presented 
thus far. Practitioners who are also not  familiar with numerable exercises can easily be  put off; 

and  these  will constitute a drawback for this new key format. The cheering news however, is 

that these exercises are possible and practicable with CCIM in the first instance. The fact also 
remains that the desirable end results of the activities are a justification  for the daunting  means. 

This is particularly so with the  possibility that these activities can be  fully automated in no 

distant future. Plant identification and identity confirmation are not only possible, the extent of 
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reliability of these exercises can be quantified; the latter being  an in-built self-assessment 
mechanism. It is therefore in order to argue that the CCIM is the first taxonomic key format with 

these laudable features.  There is no doubt that matrix-based  keys such as the CCIM, will  

require  a high initial investment  in terms of  research into character compilation while single-

access keys require less formal investment [9]. But a craftsman is only as good as his tools; so 
any amount of efforts put into making a good identification key is worthwhile in taxonomy.  

 

In using a CCIM, the question of acceptable  level of reliability of identification (RID) and 
reliability of confirmation (RC) can arise. If it does arise, the relatively low magnitudes of these 

indices should not be interpreted as a limitation to the usability of the key, nor should it constitute 

a loss of enthusiasm in the user. As it can be deduced from equations 3 and 4, and Tables 2-4, the 
magnitudes of  SOAWIC, RID, SSUAWIC, and RC obtained from the trials were determined by  

both the number of characters evaluated, and the information content of each of those characters 

so used for identification and confirmation exercises.  In this illustration (Tables 2-4), only 13 of 

the 23 available characters were evaluated, with six of them having information contents below 
1.00. The result could not have been the same if up to 20 or more characters had been evaluated. 

The relatively low values of RID  of the identified taxa and RC of confirmed taxa, which ranged 

from 59.64% to 71.77% in both cases (Tables 6 and 7) should therefore not be discouraging. 
 

For the sake of standardisation regarding   the acceptable values of SOAWIC and  RID on the one 

hand, and SSUAWIC, and RC on the other hand,  one should be comfortable as long as there is  a 
reasonably wide margin between the highest and the second highest of these indices. For 

example, after the identification of S. latifolius in Table 2, when the SOAWIC and RID  of the 

other four taxa were calculated, the second highest  RID of 30.31% was in P. nigrescens. 

Comparing this value with that of S. latifolius (i.e. 65.62%), one observes a comfortably wide 
margin of 35.31%. In event of non-acceptance a RID or RC value, probably due to their closeness 

in two or  more taxa, the user will still be able to come up with a short list  of likely identities of a 

specimen. Subsequently, it is desirable, as suggested by Platt (1984) [49] and Payne (1988) [25], 
to check  the identification or confirmation of  a plant against  more detailed descriptions of the 

taxa in question, if available. This exercise will serve to provide final clearance   in such   

situation.  

 

3.4. Rekindling the Upcoming Biologists’ Interest in Taxonomy  
 
The fact that there is dwindling interest in taxonomy  is undeniable [18]. The number of these 

professionals is shrinking, to the effect that at the moment, most taxonomists are of fairly 

advanced age [51]. In fact many people consider the field  as a dying science [52]. Therefore, the 

issues surrounding taxonomic practice can be summed as that of ‘bountiful harvest but few 
labourers’. Apart from the thorny issues about the writing and application of keys in taxonomy, 

another factor that is believed to be contributing to declining interest in taxonomy is the 

ineffective way in which botany is taught [17]. Among the panacea recommended by Tilling 
(1987) [16] are development of appealing plant identification resources, making botany relevant 

to  people’s lives, and correct use of new  teaching aids. Revitalising  students’ passion for 

taxonomy is therefore necessary to ensure the ‘all-important’ field of biodiversity conservation 
and management will not suffer neglect. The development of CCIM in this study is a timely 

response to this clarion call. 

 

With the advent of the CCIM, the procedures and outcomes of key construction, plant 
identification and identity confirmation are quantifiable, and by implication, can be objectively 

evaluated for different attempts [53]. These important aspects of taxonomic practice have thus 

shifted pass the level of subjectivity. The contribution of  this paper is therefore an empirical 
support of the views expressed by Wheeler and Valdecasas (2007) [54]  in refuting some  myths 
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and misconceptions about taxonomy that seem to contribute to an indefensible lack of respect and 
support for taxonomists and their collections. It is therefore a morale booster to the upcoming 

biologists.  

 

In comparison with the most widely used dichotomous key format, the CCIM  is simple to 
construct,  with some  measure of flexibility, reliability, and effectiveness in use. Efficiency will 

be an added advantage with automation and development into an expert system [55].  With 

paper-based dichotomous and other types of taxonomic key, the discovery of a new species 
renders a key incomplete, a development that can be demoralising to an inexperienced user. In 

contrary, computerised keys are easily updated by adding information for newly discovered 

species and/or additional diagnostic features, and reposting computer files as appropriate [56].  
For an automated CCIM in particular, the contents are recalculated, and necessary checks on the 

three requirements of workability carried out each time a change occurs.  It is also interesting to 

note that the line of demarcation between  identification and confirmation of taxa has been 

sufficiently narrowed with the creation of the CCIM  to the effect that, for a given key, as 
identification  is being conducted, identity confirmation follows suit, and vice versa (see Tables 6 

and 7). These features of the new key format are potential encouragers and sustainers of the 

young minds venturing into taxonomy.  
 

A user of the newly created CCIM  cannot get lost as is sometimes the case in the use of 

dichotomous key system; no ‘dead ends’, and the ‘momentary distractions’ that can cause a user 
to forget his or her position in a key [10]. Even though the user may choose to enter and navigate 

the CCIM with a ‘guess’, the true identity of a taxon will come out provided his scoring of the 

plant features is not faulty. Therefore, the new key format can in addition, serve as effective tool 

for training in the act of species identification/confirmation.  Another interesting feature of the 
CCIM is that two or more individuals could come up with correct identification/confirmation  of 

a given taxon but  with different measures of reliability.  This flexibility is a function of  the  

number of characters adopted in the key for the exercise, and the  information content of each, 
calculable at the time of writing or re-writing  the key. By design, the CCIM is a dynamic key 

system whereby the contents are re-calculable to accommodate new findings on the plant group 

concerned.  So, working with this key format can turn out to be favourite pastime for specialists 

and novices alike. 
 

4. CONCLUSION 
 

In this study, a new multi-access key format, the calculable-contents identification matrix 
(CCIM) has been designed and proposed for use in plant taxonomy. With the features and 

functionality attributes of CCIM, the trio activities of key construction, plant identification, and 

plant identity confirmation are made possible through robust algorithms. These algorithms are 

adjudged to be in conformity with the principal features  of a good/executable computer 
algorithm: deterministic, general, finite, and with capacity to act on at least one input to produce 

at least one output.  The alternative key format should therefore be programmable for 

development into an expert system.  The CCIM is therefore a potential addition to the list of 
existing computer-aided  identification tools, with unprecedented  features  of being usable for 

confirming suspected plant identity  and ascertaining the  reliability of identification and 

confirmation exercises. Going by its features, applicability and potential outputs, it is clear  that 
the CCIM proposed in this paper constitutes a useful template upon which reliable plant 

diagnostic tools can be based. 
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