
ISBN: 1-84626-170-8, ISBN13: 978-1-84626-170-1 

 A Fuzzy Synthetic Evaluation Approach for Land Cover 
Cartography Accuracy Assessment 

Pedro Sarmento 1, 2, Hugo Carrão 1, 2 and Mario Caetano 1, 2 + 
1 Portuguese Geographic Institute (IGP), Remote Sensing Unit (RSU), Rua Artilharia Um, 107, 1099-052 

Lisboa, Portugal 
2 CEGI, Instituto Superior de Estatística e Gestão de Informação, ISEGI, Universidade Nova de Lisboa, 

1070-312 Lisboa, Lisboa, Portugal 

Abstract. The accuracy assessment of land cover maps is traditionally based on reference sample 
observations randomly selected over the study area. It is assumed that reference sample observations, 
representing the “real” land cover at Earth’s surface, are free of errors. However, some of these may be 
erroneous. These errors are sometimes due to an uncertainty in the identification of the most adequate 
reference land cover classes by visual interpretation of aerial images and/or field work. This uncertainty is 
caused by landscape fragmentation and/or presence of more than one land cover class in sampled areas. The 
introduction of uncertainty in thematic accuracy measures remains an issue, but ignoring this uncertainty can 
significantly influence the land cover maps accuracy reported to end users. In this paper we propose a very 
simple and understandable method for thematic accuracy assessment of land cover maps that uses reference 
uncertainty as input feature. This fuzzy synthetic evaluation (FSE) approach is based on the combination of 
linguistic fuzzy operators. Specifically, we evaluate errors magnitudes per land cover class and weight their 
importance in map accuracy assessment process. In the sequence, we compare our approach with most 
traditional accuracy assessment measures and evaluate methodological gains and disadvantages. To achieve 
this goal we present a case study based on a land cover map of Continental Portugal derived from automatic 
classification of MERIS images. We demonstrate that trough the use of the fuzzy synthetic evaluation 
approach we provide accuracy descriptors that are more comprehensible for map users. In fact, this approach 
allows end users to easier decide if a land cover map satisfies their needs and to become more conscientious 
about map error extension and its particular impacts.  

Keywords: fuzzy synthetic evaluation, reference databases uncertainty, land cover maps, accuracy 
assessment. 

1. Introduction 
Land cover maps are nowadays of major importance in many studies and decision-making processes. 
However, the production of up to date maps that cover extensive areas of the Earth’s surface, with reduced 
temporal gaps and with reduced costs, is only possible trough satellite images. Moreover, [1] refers that data 
obtained from satellites are nowadays an increasing source of information to produce land cover maps. Land 
cover maps production is an important task, but the thematic accuracy assessment of these maps is many 
times ignored by the producers. If land cover maps are used for decision-making, the quality of this data 
would certainly affect the type of the decisions. Traditionally, the accuracy assessment of land cover maps 
was made trough the comparison of produced maps with a reference sample database [2] that represents the 
“real” land cover at Earth’s surface. Generally, this comparison is represented in a confusion matrix, where 
the reference classes are introduced in the columns and the map classes in the rows of the matrix. This 
approach assumes that only one reference land cover class is considered appropriate for each geographic area 
of the map [3]. However, and many times, the most prominent reference land cover class at each sample 
observation is not clear, and often there are doubts about which class to assign. These doubts are due to 
certain characteristics of land cover (e.g. existence of more than one land cover class in the sampled area, 
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landscape fragmentation and natural continuum). In accordance with [4], land cover maps are vague and full 
of uncertainty, while is not expectable that two different persons could derive matching map classifications. 
So it is of major importance to introduce uncertainty in the accuracy assessment of land cover maps, because 
it is a factor that biases the results of traditional thematic accuracy methods.  

Land cover map objects are difficult to define geographically, and if there is some uncertainty in their 
definition, then it could be analyzed trough fuzzy sets theory [5]. Fuzzy sets theory was introduced by [6] 
and its goal was to characterize the ability of the human mind in dealing with vague relations. Indeed, 
humans do not communicate with precision, but we still understanding each other. According to [7], fuzzy 
set theory must be used to communicate reference interpretation doubts through a qualitative language. 
Afterwards, this qualitative language can be used to express land cover characteristics in a mathematical or 
quantitative language.  The authors [7] and [3], developed several fuzzy operators that incorporate reference 
land cover classes identification uncertainty in the accuracy assessment of land cover maps (e.g. MAX, 
RIGHT, DIFFERENCE, MEMBERSHIP, CONFUSION and AMBIGUITY). These functions provide a 
better understanding of the magnitude and origin of map errors and link these errors with landscape 
heterogeneity. One of the most interesting operators proposed by [7] is DIFFERENCE. This function 
measures the magnitude and seriousness of map errors. The attained results depend on how per class 
individuals are assigned to each DIFFERENCE category or magnitude of error. However, in the original 
approach, proposed by [7] and [3], it is considered that errors have the same importance and the authors refer 
that would be appropriate to use a weighting scheme to accentuate the effects of errors. In fact, [8] refers that 
an important topic in accuracy assessment studies is errors magnitude evaluation. Nevertheless, in previous 
approaches, errors have been treated with similar importance. This aspect remains an issue and needs to be 
more exploited. 

In this paper we propose a fuzzy synthetic evaluation approach for land cover cartography accuracy 
assessment based on fuzzy operators derived by [7]. Specifically, we evaluate errors magnitudes per land 
cove class and introduce their variations in map accuracy assessment process. In addition, we compare our 
approach with most traditional accuracy assessment measures and evaluate methodological gains and 
disadvantages. 

2. Accuracy assessment of land cover maps 
Accuracy assessment estimates general and specific qualities of land cover products so that users may 
evaluate their utility for specific applications ([9], [10]). Land cover maps accuracy assessment is performed 
through a comparison between the land cover map and a reference sample database. A reference sample 
database is a set of geographic spots randomly selected within the study area. Each database record holds 
several attributes that better describe the “real” or ”reference” land cover characteristics within the respective 
sample observation. Recorded attributes are used to estimate the overall proportion of area correctly 
classified in the map and per cover category, as well as the confidence intervals for those estimates at some 
level of confidence. The use of particular accuracy assessment methods depend on the land cover attributes 
recorded at each sample observation. Next we describe the attributes that must be collected in a reference 
sample database to be used in the framework of traditional and fuzzy accuracy assessment methods. 
Afterwards, we describe generic characteristics of traditional methods for assessing accuracy of land cover 
maps and present an innovative accuracy assessment method using reference fuzzy datasets and linguistic 
fuzzy operators combination. 

2.1. Reference database 
A reference database is usually produced by visual analysis of high-resolution aerial images and/or field 
work (i.e. reference data) collected over the study area. Traditionally, it is assumed that for a certain sampled 
area there is only one specific class that better characterize the land cover at that geographic location. 
However, due to landscape heterogeneity and land cover continuum between classes, the identification of the 
most predominant land cover class is not clear sometimes. Thus, this process can introduce uncertainty in the 
confidence of single class labelling using the available reference data and significantly influence the apparent 
accuracy of a classification.  To avoid this problem, several authors (e.g. [11], [12] and [13], to cite but a few) 
suggest that for each sample observation we must collect more than a single land cover class. For example, 
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an alternate reference land cover label can also be identified and characterized by reference data 
interpretation for each reference sample observation [12]. In accordance, nominally scored interpretation 
ratings (ICR) must also be specified for each observation, as suggested by [13]. The alternate labels and 
confidence ratings allow the use of a scale of error in the accuracy assessment rather than simple and perhaps 
hard analysis of map data [13]. In table 1 we present the reference information that must be collected to 
apply the methodological approach that we propose in this study for the accuracy assessment of land cover 
maps.   

Table 1: Information collected for each sampling observation in the reference database (Adapted from [12]). 

Primary reference label (L1): land-cover label thought to be most correct. 
Alternate reference label (L2): land-cover label that might also be considered correct given information in 
the aerial image. An alternate reference label must not be provided if primary reference label is believed 
unambiguously evident. 
Reference interpretation confidence rating (ICR): nominal ranking of certainty in identifying the primary 
and alternate reference land-cover label. Rank values range from 1 (not confident in any cover type) to 3 
(very confident in primary reference cover type). ICR must be:  

• (3) if at least 81% of the area is covered by a singular land cover;  
• (2) if two land cover classes, each occupying less than 81% of the area, are present;  
• (1) if three or more land cover classes are present and each occupies less than 50% - if one of the 

classes occupies at least 50%, than ICR 2 must be used. 

2.2. Methods of map accuracy assessment  

2.2.1. Traditional methods 
The prominent characteristic of traditional methods for accuracy assessment of land cover maps is the use of 
a single land cover type as reference in each sample observation. This land cover type usually corresponds to 
the primary reference label (L1) introduced in table 1. Overall and per class accuracy estimates are derived 
by considering correct a match between map label and L1 at each observation. Author [7] describes this 
traditional accuracy measure as MAX. More recently, some methods have as a second feature the alternate 
reference label (L2), thus introducing some fuzziness in the process. This means that overall and per class 
accuracy estimates are derived by considering correct a match between map label and L1 or L2 at each 
sample observation. This accuracy measure was entitled by [7] as RIGHT. To estimate the overall and per 
class accuracy of final land cover map from MAX or RIGHT sample estimatives, we can use the 
methodology proposed by [14]. 

2.2.2. Fuzzy synthetic evaluation (FSE) 
The goal of our approach is to combine the matches and non-matches between map and reference labels (L1 
or L2 – table 1) at each sample observation with the respective confidence rating (ICR – table 1) to calibrate 
overall and per class accuracy estimates of land cover maps. This process is executed in two steps: (1) first 
we calculate the confidence in classification or the magnitude of error at each sample observation – this is 
achieved with the DIFFERENCE function proposed by [7]; (2) second we perform a fuzzy synthetic 
evaluation of map thematic accuracy by weighting per class DIFFERENCE category values into a single 
accuracy value. Next we describe how to calculate DIFFERENCE category values per class (table 2) and to 
evaluate overall and per class accuracies with the fuzzy synthetic approach.  

The DIFFERENCE fuzzy operator was proposed by [7] to evaluate per class confidence in classification 
and magnitude of errors. The confidence in the classification is estimated on the proportion of sample 
observations that present a match between map class and some reference class (L1 or L2), and their 
respective confidence rating. For example, the confidence in classification is very high (VHCC) for some 
observation if there is a match between map class and L1, and ICR attains a maximum value of 3. In 
opposition, the confidence in classification is very reduced (VRCC) if ICR attains a minimum (1) and there is 
a match between map class and L2. In table 2 we introduced the available confidences in classification 
according to possible L1, L2 and ICR arrangements. On the other hand, the magnitude of error is estimated 
on the sample observations that present a mismatch between map and each of the reference classes. Similarly 
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to confidence in the classification, there is a scale of error that increases with an increase of ICR. In table 2 
we present the errors magnitude according to potential L1, L2 and ICR arrangements. DIFFERENCE values 
are presented in a linguistic scale (qualitative information), thus do not provide the final map user with 
quantitative overall and per class accuracy values. Our goal was to convert these linguistic values into some 
quantitative measure that allows the user to easily evaluate the map thematic quality. The methodological 
approach consisted on the fuzzy synthetic evaluation of per class DIFFERENCE values. This method allows 
the calculation of map overall and per class accuracy estimates through the weighted sum of sample 
observations proportions in each DIFFERENCE category per land cover class. Assume that there are M land 
cover classes in the adopted nomenclature, labelled C1 to CM, organized as a set of labels Ω = {C1,…,CM}, 
and that each sample observation belongs to one and only one map land cover class and one and only one 
DIFFERENCE category D = {VHCC,…,VHE}. Let pm,d be the proportion of sample observations from map 
class Cm in DIFFERENCE category d and Wd the respective weight defined for the fuzzy synthetic 
evaluation appliance. The estimated accuracy Pm for map class Cm can be computed as 

Pm = ∑d pm,d * Wd                                                                    (1) 

Table 2: DIFFERENCE categories - confidence in classification and magnitude of errors. A correct match between map 
and reference is specified by (√). 

 L 1 L 2 ICR
Very High Confidence in Classification (VHCC) √  3 

High Confidence in Classification (HCC) √  2 
Acceptable Confidence in Classification (ACC)  √ 2 

Reduced Confidence in Classification (RCC) √  1 

Confidence in 
classification 

Very Reduced Confidence in Classification (VRCC)  √ 1 
Acceptable Error (AE)   1 

High Error (HE)   2 Magnitude of 
errors Very High Error (VHE)   3 

 
The major difficulty of this process was to define the most adequate weights to be used per 

DIFFERENCE categories. Using our reference database, the difficulty of this task was minimized. In table 3 
we present the weights defined for each DIFFERENCE category. 

Table 3: Weights defined for each DIFFERENCE category. 

Confidence in classification Magnitude of errors  
VHCC HCC ACC RCC VRCC AE HE VHE 

Wd 1 0.8 0.5 0.3 0.3 0.3 0.2 0 
 

The maximum contribution to classes’ accuracy is given by VHCC observations, because there is an 
absolute confidence in map classification in these situations. In opposition, the contribution of VHE 
observations is null, because in these situations map class is absolutely wrong – there is not any doubt in the 
identification of the most appropriate reference land cover class for sample observation (table 1). The 
DIFFERENCE categories between these extreme situations were weighted according to the proportion of 
area occupied per primary and alternate reference land cover classes in each sample observation. For 
example, a maximum area of 80% is occupied by primary land cover class (L1) in HCC situations, a 
maximum of 50% by L2 in observations identified with ACC – see tables 1 and 2 for further understanding. 
The correct matches identified as RCC and VRCC, as well as the errors identified as AE, were all weighted 
equally. The acceptable errors (AE) contribute positively to class accuracy estimate because there is not a 
maximum confidence in none of the reference land cover classes collected, and at least three land cover 
classes of similar occupancy are present within sampled area. Thus, the error could be due to a wrong human 
interpretation and not due to a map error. The selected weight corresponds to the maximum chance 
agreement in these situations, considering that at least three land cover classes exist within observation. 
Sample observations identified as HE have also a small chance of being correctly classified in the map, 
because these sampled areas can be in some situations occupied by three or more land cover classes (see 
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table 1). In these situations, only one alternate reference land cover class can be introduced into database. 
Thus, mapped class may be other not identified, but existing in the sampled area.  

To estimate the overall accuracy, we used the whole map classification as an auxiliary variable in the 
estimation procedure, as described by [14]. Hence, land cover classes occupying larger areas in the map have 
a larger effect in the overall accuracy estimation. 

3. Case study 
To evaluate the proposed fuzzy synthetic approach for the thematic accuracy assessment of land cover maps 
and to compare it with traditional techniques, we include in this paper a case study that uses the entire 
Portuguese territory as study area. In this chapter we briefly describe the land cover nomenclature of derived 
map, the automatic classification procedure used for map production and the sampling design used in 
reference database construction. For further details about map production and accuracy assessment see [15]. 

3.1. Land cover nomenclature 
The land cover nomenclature used in this work was developed in the framework of the LANDEO project 
[16]. In the table 4 we present the 16 land cover classes that constitute the LANDEO nomenclature. 

Table 4: LANDEO land cover nomenclature. 

Label Land cover class Label Land cover class 

5 Wetlands 242 Vineyards 

6 Bare to sparsely vegetated areas 34 Shrubland 

7 Water 35 Grassland 

11 Continuous artificial areas 38 Burnt areas and clear cuts 

12 Discontinuous artificial areas 311 Broadleaf forest 

21 Non-irrigated herbaceous crops 312 Agro-forestry areas 

22 Irrigated herbaceous crops 321 Needleleaf forest 

23 Rice crops 331 Mixed forest 

3.2. Land cover map production for Portugal Continental 
The land cover map of Portugal Continental was derived by automatic classification of MERIS Full 
Resolution images. These images have a spatial resolution of 300 m and 13 spectral bands. In this study we 
exploit a set of six bimonthly composites for the year 2005. The map was produced through the combination 
of two different approaches. For the classification of intra-annual stationary land cover classes (e.g. artificial 
areas) we resort to a linear discriminant classifier (LDC); to identify transient land cover classes, such as 
burnt areas and clear cuts, we applied a vegetation index differentiating technique. 

3.3. Sampling design and reference database construction 
To guarantee that all nomenclature land cover classes had the same probability of being sampled in the 
reference database, we used a stratified random sampling design for observations collection. We collected a 
set of 100 observations per land cover class. The information collected for each sample observation was 
presented in table 1. This information was collected by four photo-interpreters using as reference data a set 
of aerial images of 2005 that cover the whole Portuguese territory. These aerial images have a spatial 
resolution of 0.5 m and four spectral bands (three bands within the visible and one in the near-infrared 
wavelength).   

4. Results and discussion 
We start this section by introducing some theoretical considerations about traditional measures and the 
approach that we propose for land cover maps accuracy assessment. The most traditional approach, i.e. MAX 
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operator, sub-estimates map overall and per class accuracies. This happens because we take into account just 
one reference land cover class in map accuracy evaluation. Mismatches between map classes and L1 may be 
due to errors in reference classes’ identification and not due to map errors. This situation increases map error 
because the uncertainty in reference land cover classes identification was not taken into account. In 
opposition, we believe that RIGHT operator overestimates map accuracy. The employment of two reference 
land cover classes per sample observation to estimate map accuracy augments the chance agreement between 
map and reference classification at each sample observation. In practice, the correct land cover class may not 
be properly identified from reference data for some observations and the use of two incorrect classes 
increases the probability of a match with the map class. With this FSE approach we intend to minimise the 
problems associated with each of the previously described accuracy assessment methods. The goal was to 
calibrate overall and per class accuracies by taking into account the confidence in the classification of the 
reference land cover at each observation. This approach reduces the positive contribution of matches for map 
accuracy when the confidence in the reference classification is not absolute, and supposes correct some 
sample mismatches (or errors) whenever the confidence in reference classes’ identification is partial (ICR 1 
or ICR2).  

Table 5: Sample observations proportions per DIFFERENCE categories and per land cover class. Overall and per class 
estimated accuracy for MAX, RIGHT and FSE measures. Bold face records are depicted in text. 

DIFFERENCE categories Accuracy measures Land cover 
classes VHE HE AE VLCC LCC ACC HCC VHCC MAX RIGHT FSE 

5 0.08 0.06 0.08 0.10 0.08 0.27 0.08 0.24 0.39 0.78 0.54 
6 0.05 0.08 0.27 0.14 0.15 0.04 0.17 0.09 0.41 0.60 0.45 
7 0.00 0.00 0.00 0.04 0.02 0.01 0.01 0.91 0.94 1.00 0.95 

11 0.00 0.04 0.08 0.04 0.15 0.04 0.12 0.54 0.81 0.88 0.75 
12 0.07 0.05 0.09 0.12 0.17 0.08 0.16 0.27 0.60 0.80 0.58 
21 0.04 0.10 0.18 0.08 0.14 0.03 0.10 0.34 0.58 0.68 0.59 
22 0.05 0.00 0.05 0.05 0.05 0.09 0.14 0.59 0.77 0.91 0.79 
23 0.07 0.00 0.04 0.00 0.07 0.00 0.15 0.67 0.89 0.89 0.83 
34 0.04 0.07 0.13 0.12 0.25 0.05 0.14 0.20 0.59 0.76 0.53 
35 0.04 0.08 0.19 0.14 0.36 0.08 0.08 0.02 0.47 0.69 0.39 
38 0.07 0.12 0.30 0.01 0.07 0.01 0.07 0.33 0.48 0.51 0.54 

242 0.13 0.14 0.17 0.14 0.14 0.00 0.13 0.16 0.42 0.56 0.43 
311 0.05 0.04 0.23 0.10 0.15 0.07 0.02 0.33 0.51 0.68 0.56 
312 0.03 0.10 0.17 0.21 0.08 0.09 0.12 0.20 0.40 0.69 0.50 
321 0.08 0.05 0.07 0.12 0.07 0.05 0.08 0.47 0.62 0.80 0.66 
331 0.07 0.08 0.17 0.10 0.21 0.03 0.13 0.20 0.55 0.68 0.51 

Overall 
accuracy - - - - - - - - 0.51 0.70 0.51 

 
In table 5 we present per class accuracy values obtained with MAX, RIGHT and FSE approaches, as 

well as the proportion of observations in each DIFFERENCE category per mapped class. We perceive that 
RIGHT operator provides in general map overall and per class accuracies higher than MAX and FSE. 
According to our opening discussion, this situation is not surprising and it was already somewhat expected. 
For producers, this result enhances the quality of their maps, but can be a shocking revelation for users if 
sample matches are due to chance agreement. On the other hand, MAX and FSE present identical map 
overall accuracies, but quite different per class accuracies. Indeed, some discrepancies are evident and we 
wish to highlight the cases of permanent wetlands (5), grasslands (35) and agro-forestry areas (312). FSE 
increases permanent wetlands (5) accuracy due to the existence of a large proportion of observations 
identified with an ACC in this class. Moreover, the accuracy value estimated with FSE for this class includes 
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also 18% of observations with reference classes poorly identified (i.e. VLCC and AE – see bold face records 
in table 5). Similarly, the use of FSE increases the accuracy of agro-forestry areas (312), mainly due to the 
contribution of sample observations identified as errors (HE and AE). Almost 30% of mapped agro-forestry 
areas (312) were estimated as incorrectly classified due to sample mismatches in observations with reference 
classes poorly identified. Thus, some proportion of these occurrences must be considered as potential correct 
matches. To finish this discussion, we highlight the difference in the accuracy estimated for grassland areas 
(35) with FSE and MAX. Once again, we believe that our approach is more accurate than the traditional 
approach. Note that approximately 36% of reference classes of matches depicted by MAX operator were 
identified with low confidence (see LCC in table 5). Thus, and to some extension, some of these matches are 
due to random agreement and must be removed from the accuracy estimated for this class. 

5. Conclusions 
In this paper we presented a fuzzy synthetic evaluation (FSE) approach for the accuracy assessment of land 
cover maps. This method is based on the adequate combination of linguistic fuzzy operators described by [7]. 
We demonstrated that manipulating map errors differently can influence the final accuracy measures 
reported to map users. We state that the inclusion of uncertainty in the final accuracy measures can lead to 
different interpretations of overall and per class accuracies of land cover maps. Errors origin and magnitude 
can be used to provide a better method for map accuracy assessment. Indeed, we consider that our approach 
was better succeeded than some traditional methods, namely MAX and RIGHT techniques, used in the 
accuracy assessment of the land cover map presented in the case study. However, there are some important 
data that always must be available to use this method. FSE can only be applied when we are evaluating a 
map with crisp classes by means of some reference database that includes two reference land cover classes 
for each sample observation, and a confidence rating for reference classes’ interpretation. Nevertheless, we 
consider that our methodological approach is more adequate in an operational context for land cover maps 
accuracy assessment than the one proposed by [7]. The use of the linguistic fuzzy operators originally 
proposed by those authors requires the production of a reference database with lots of information collected 
for each sample observation. Such production requires logistic resources that are not always available, and 
thus we developed an approach that settles a compromise between production time and costs. 

Future work includes the definition of other suitable weighting schemes. In fact, the establishment of the 
applied weighting scheme rules was a very difficult task and reduces the prospect of defining standard 
accuracy measures that include uncertainty in their formulation. We think that, at the moment, the weighting 
scheme is still one of the major drawbacks in the use of the fuzzy set theory for the accuracy assessment of 
land cover maps. Thus, it must be considered an important topic that needs more attention from scientific 
community.  
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