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Abstract : This paper addresses the limitation of a map comparison metric entitled Figure of Merit 
through employing a simple land change model. The metric was originally designed to overcome limi-
tations of other existing statistics, such as Kappa, when assessing predictive accuracy of land change 
models. A series of comparisons between null and predicted outcomes at multiple resolutions as well as a 
multi-resolution Figure of Merit analysis techniques of validation are compared for spatially segregated 
calibration and validation datasets. The Figure of Merit at the null resolution in this paper was 57%, 
although future research must be done to determine if this was simply a coincidence. A Figure of Merit 
greater than 50% would seem to represent a “Resolution of Merit” in that the Figure of Merit at that reso-
lution becomes greater than the error. Thus, these two metrics should be used in tandem to assess predic-
tive accuracy of a land change model.
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요약 : 본 논문은 토지 이용 변화를 예측하는 계량 모형의 정확도 평가에 필수적인 통계량인 성능 지수를 심도 있게 이

해하는 것을 목적으로 한다. 이 통계량은 기존의 토지 이용 변화 연구에서 소개된 예측 모형의 정확도를 평가하는 다

른 통계량들 (예: 카파 통계량)의 단점을 보완하여 만들어진 것이나, 이 또한 계량 모형의 예측력을 명확하게 평가하고 

해석하기에는 제한적이다. 본 논문에서는 성능 지수의 보다 명확한 해석을 위해서 결과물의 공간해상도를 고정해야 

함을 밝히고, 그 특정 공간해상도를 “성능 해상도”라 정의한다. 성능 해상도는 예측오류가 현격하게 줄어들면서 계량 

모형의 예측력이 증가하는 시점의 공간해상도를 일컫는다. 따라서 토지 이용 변화 예측 모형의 예측력을 정확하게 평

가하기 위해 두 통계량, 즉 성능 지수와 성능 해상도를 함께 이용할 것을 제안한다.

주요어 : 토지 이용 변화 예측모형, 예측력, 성능 지수, 성능 해상도

1. Introduction

Urban land change models are geared towards 

explaining and simulating urban sprawl in a spa-
tially explicit fashion (Dietzel and Clarke, 2007; 
Pontius Jr. and Malanson, 2005; Pontius Jr. and 
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Spencer, 2005; Silva and Clarke, 2002; Tan et al., 
2005), and if a prediction turns out to be accurate 
then this could potentially support any important 
decision making in terms of urban policy and de-
velopment. In this context, it is indispensable to 
systematically assess predictive accuracy of land 
change models whether to compare diverse model-
ing approaches or to evaluate underlying theories/
hypotheses embedded in the prediction. 

The dilemma, however, is such that we have 
limited toolsets to verify or validate such modeling 
outcomes. That is, although there are numerous 
theories to employ either in Economic or Urban 
Geography, such as the von Thünen (Angelsen, 
2007), Forest Transition (Mather, 1992), Ricard-
ian (Polsky, 2004), or Spatial-Interaction Model 
(Fotheringham, 1983), and have highly sophisti-
cated modeling approaches, such as agent-based 
modeling (Brown et al., 2004; Evans et al., 2011), 
we must acknowledge the fact that without system-
atically verifying the outcomes of such modeling 
approaches, it is unlikely that research could have 
broader impact to the society. Pontius Jr. et al. 
(2008) present a novel work by arguing a systematic 
validation in land change modeling is crucial and 
pointing out there should be more measurements to 
account for modeling comparison. Although pre-
dicting future land change is not the only purpose 
of land change modeling, validating prediction out-
comes are indeed useful in the discipline (Castella 
et al., 2007). With this in mind, this paper attempts 
to understand how a new map comparison tech-
nique behaves when different spatial resolution are 
employed.

Figure of Merit is relatively a new metric to mea-
sure predictive accuracy of different land change 
models. On the one hand, its logic is quite similar 

to the Kappa family (Pontius Jr., 2000; Pontius 
Jr. et al., 2008); on the other hand, the Producer’s 
and User’s Accuracies (Congalton, 1991) in remote 
sensing could be considered variants of the Figure 
of Merit (Kim, 2010). This implies that Figure of 
Merit could be potentially replace the tradition 
Kappa statistics that have been frequently used in 
the literature of land change modeling (Hall et al., 
1995). However, it is important to note that there is 
little to no point evaluating a land change model’s 
predictive accuracy based on a fixed range of Figure 
of Merit. That is, even though a range of Figure of 
Merit was generated based scientific experiments 
conducted on several different regions the Figure of 
Merit itself, by design, does not provide the full pic-
ture of a land change model’s accuracy. This metric 
should always be accompanied by the net change 
of land-cover and/or land-use; otherwise, the mea-
surement is incomplete, hence can be misleading. 
That is, if one is to specify and offer the range of 
Figure of Merit, then he or she must specify the 
range of net change of land-cover or land-use ac-
cordingly to accurately measure a model’s predic-
tive accuracy (Sloan and Pelletier, 2012; Pontius 
Jr. et al., 2008). Pontius Jr. et al. (2008) employ a 
Cartesian coordinate system to compare different 
land change models’ predictive accuracy where 
the y-axis denotes Figure of Merits of numerous 
land change models, e.g., Conversion of Land Use 
and its Effects in Small regions ([CLUE-S], Ver-
burg et al., 2002), and the x-axis denotes observed 
net changes of land-cover and land-use for each 
case study. Then it becomes vivid that a larger net 
change tends to guarantee a higher Figure of Merit, 
so the net areal change must be controlled. That be-
ing said, although the Figure of Merit is considered 
an improved measurement further experiments 
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should be conducted systematically to understand 
its performance.

There are numerous statistical methods to vali-
date a land change model’s predictive accuracy, 
other than the Figure of Merits or Kappa vari-
ants (Pontius Jr. and Millones, 2011; Robin et 
al., 2011; Peterson et al., 2008; Pontius Jr. et al., 
2008; Pontius Jr. and Spencer, 2005). Some are 
geared towards validating accuracies of rank maps 
that indicate, for example, distribution of species 
or transition potential of land-use/cover change 
(Eastman et al., 2005; Peterson et al., 2008), while 
others are to evaluate decreasing or increasing accu-
racies in predicting with respect to different spatial 
and temporal resolutions (Pontius Jr. et al., 2008; 
Pontius Jr. and Spencer, 2005). As such, chang-
ing resolutions of a prediction and measuring the 
series of associated accuracies is one of the main 
approaches in accuracy assessment. Given that this 

paper aims to demonstrate the varying measures of 
Figure of Merit when different spatial resolutions 
are employed, the objective of this demonstration 
is to better understand the Figure of Merit so that 
land change modelers can further utilize the mea-
surement in a precise manner. To do so, very simple 
land change modeling is conducted to provide test 
data for the statistic.

As there is a growing concern about how resi-
dential areas are affecting the sustainable use of 
freshwater (Runfola et al. 2013), the Greater Boston 
region was chosen as study area (Figure 1). Land-
use/cover data of 1991 and 1999 available from the 
Massachusetts Office of Geographic Information 
(MassGIS) and United States Census data can only 
be matched for the years of 1990 and 2000, mean-
ing that study of change must be restricted to that 
single time interval. Here, it is assumed that land-
uss/cover does not change significantly within a 

Figure 1. Study Area: Greater Boston
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year, thus the difference of 1990 and 1991 (and 
1999 and 2000) is negligible. Residential develop-
ment comprises approximately 2/3 of total develop-
ment in the study area, meaning that an effective 
understanding of processes of residential develop-
ment is by far the most important component of an 
understanding of broader patterns of urban devel-
opment in this region. 

2. Data

The variables of median neighborhood commute 
time, median neighborhood income, terrain slope, 
and land-use/cover category are examined with re-
spect to their effect on the probability of residential 
development. The data are explained as follows in 
more detail: 

1) Median neighborhood commute time

1990 Census data were obtained at the tract level 
for disaggregated commute time. An excel spread-

sheet algorithm was created to calculate a median 
commute time for each tract from this disaggregat-
ed commute time data, using a linear interpolation 
method along with a cumulative distribution func-
tion to interpolate estimated median times within 
category boundaries. Non-residential portions of 
census tracts were removed, and the triangulated 
irregular network interpolation is used to create a 
potential commute time field around existing resi-
dential areas in 1991. Figure 2 shows the percent 
built of residential areas (i.e., the ratio of residential 
and non-residential) classified by median commute 
time, and it appears there is little to no (linear) rela-
tionship between the two.

2) Median neighborhood income

1990 Census tract-level data on median house-
hold income were obtained from the U.S. Census 
Bureau; the triangulated irregular network inter-
polation was used to create a potential household 
income field around existing residential areas in 
1991 in the same manner as for commute time. 
Figure 3 indicates the distribution of median in-

Figure 2. Development frequency by median commute time 
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come in the study area, and the 50,000 US Dollars 
band has the highest frequency. Figure 4 shows the 
relationship between the percent built and median 
income, and they seem to have a positive linear 
relationship if median income ranges from 20,000 
US Dollars and 50,000 US Dollars. However, the 
trend is inverted at the range of 50,000 US Dollars 
and 80,000 US Dollars indicating a negative linear 
relationship. Finally, the trend is inverted again if 
median income is above 80,000 US Dollars. 

3) Terrain slope

Data on slope were produced based on the digital 
elevation model obtained directly from the Mass-
GIS database. According to Figure 5, the overall 
terrain of the study area seems suitable for develop-
ing built environments as there are not many slopy 
areas. Figure 6 shows the development frequency of 
residential areas classified by slope. The frequency 
and degree of slope appear having a positive linear 

Figure 3. Study area distribution by median income

Figure 4. Development frequency by median income 
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relationship if slope ranges from 0 to 4 degrees, but 
the trend is inverted if slope is above 4 degrees indi-
cating a negative linear relationship.

4)  Developable and non-developable  
land categories

The existing land categories are aggregated into 
the following two categories: (1) developable and 
(2) non-developable. Forest, cropland, pasture, 

open land, and woody perennial categories are con-
sidered to be developable. Fresh and saltwater wet-
lands were found to have a development probability 
of less than .1% for any given pixel and as such are 
considered to be non-developable, along with non-
residential built areas. This binary structure is nec-
essary to run a logistic regression model, which will 
be explained in the method section.

Figure 6. Development frequency by slope

Figure 5. Study area distribution by slope
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3. Methods

Logistic regression was performed to determine 
linear correlation factors between commute time, 
income, and slope variables and the probability of 
new residential development within each dummy 
variable category. The development probability 
function developed through logistic regression was 
applied to the various calibration raster data layers 
using the raster calculator function in ArcMap to 
produce a simulated development favorability map 
for the calibration area. A favorability threshold 
was set for new development so that there was no 
disagreement in quantity of land-use/cover change 
(Pontius Jr., 2000) in between predicted and actual 
residential development in the calibration zone.

1) Logistic regression

Logistic regression detects a statistical relation-
ship between three environmental variables and 
a binary event such as developable versus non-
developable, where “1” indicates the developable 
and “0” indicates the non-developable. The basic 
assumption is that the probability of a binary event 
that takes the value of “1” follows a logistic curve, 
and it is expressed as follows:

P(y=1|X)= exp∑BX
1+exp∑BX

where y is a binary event, P is the probability 
of the binary event given column vector X, X is a 
column vector that give the values of the environ-
mental variables, and B is a row vector that gives the 
estimated coefficients (Wooldridge 2006). 

2) Calibration and validation

The study area was separated into calibration and 
validation zones, with the calibration set being per-
formed using Middlesex and Norfolk counties, and 
the validation set being performed in Essex, North-
ern Bristol, and Plymouth counties. The validation 
process is essential in any predictive modeling, and 
usually a future observed value is employed to vali-
date the associated predicted outcome (Pontius Jr. 
and Millones 2011, Pontius Jr. and Spencer 2005, 
Kim 2010). In this paper, the validation data are de-
termined spatially. The logistic regression function 
determining development favorability was applied 
to the relevant raster data layers in the validation 
zone. Undeveloped pixels in 1991 with a develop-
ment favorability above the construction threshold 
for the calibration zone are predicted as developed 
over the time interval. Figure of Merit and Multiple 
Resolution Analysis are applied to the validation 
area (Pontius et al., 2008). Disagreement between 
maps at pixel resolutions ranging from 1 to 1024 
was calculated as sum of the absolute values of all 
pixels produced by the subtraction of one raster 
map from another, with the value of each pixel in 
these raster maps being the sum of the values of the 
pixels from which it was aggregated (at the highest 
resolution all prediction maps consisted of binary 
values, with “0” corresponding to non-residential 
and “1” corresponding to total, persistent, or new 
development). 

3) Figure of Merit

Figure of Merit basically employs the concept 
of Venn diagram. That is to say, the statistic shows 
the predictive accuracy of a prediction map of t1 
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by overlaying the map with the observed maps of 
t0 and t1. That is, unlike Kappa, Figure of Merit 
employs three maps because with two maps there 
is no way to measure a land change model’s perfor-
mance. Figure of Merit is numerically expressed as 
follows:

Figure of Merit = B/(A+B+C)

where A is a number of pixels for “error due 
to observed change predicted as persistence” (or 
misses), B is a number of pixels for “correct due to 
observed change predicted as change” (or hits), and 
C is a number of pixels for “error due to observed 
persistence predicted as change” (or false alarms). 
The value ranges from 0 to 100 percent, where 100 
percent indicates perfect prediction (Pontius Jr. et 
al., 2008). 

4) Multiple Resolution Analysis

Multiple Resolution Analysis (Pontius et al., 
2008) assesses how closely in space the simulated 
change is to the observed change. It compares each 
simulation map to its reference map by aggregating 
pixels from finer to coarser resolutions. The raw pix-
els are aggregated into coarser pixels by computing 
the proportion of the three land-use/cover catego-
ries of the raw pixels within each coarser pixel (Pon-
tius Jr., 2002), and such partial membership of the 
pixels is calculated by the Validate module in Idrisi 
(Eastman, 2012). Each finer resolution is com-
pletely nested within each coarser resolution where 
the side of each coarser pixel is a multiple of the side 
of a raw pixel in a geometric sequence such as 1, 2, 
4, 8, ... , 1024. A more precise simulation has the 
finer null resolution than a less accurate simulation 

(Pontius Jr. and Malanson, 2005).

4. Results

No statistically significant correlation was found 
between median neighborhood income and resi-
dential development probability for the calibra-
tion zone. A weak positive correlation was found 
between commute time and development prob-
ability, and a somewhat stronger positive one found 
between terrain slope and development probability 
for most terrain categories. Based on the findings, 
a prediction map of residential areas is produced 
(Figure 7). The blurry areas of Figure 7 indicate the 
calibration zones that were used to fit the logistic re-
gression, whereas the color-coded pixels portray the 
suitability of development. The reds are considered 
relatively unsuitable compared to the other colors; 
therefore, only the non-red pixels are predicted as 
change (Figure 7).

Figure 8 illustrates the error map of the predic-
tion made by logistic regression. The grey indicates 
the land-use/cover category of persistence, meaning 
there had been no change between the two time 
periods. The amount of grey pixels is considerably 
larger than the other categories. The blue indicates 
errors due to either “observed change predicted as 
persistence” or “observed persistence predicted as 
change.” Finally, the red indicates the “correct due 
to observed change predicted as change” (Pontius 
Jr. et al., 2008) and the Figure of Merit is about 2%.

The null resolution was linearly interpolated as 
approximately 71 pixels wide, corresponding to a 
pixel size of ~6,400 meters, and a Figure of Merit of 
~57% (See Figures 9 and 10). Overall the model’s 
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predictive power was determined to be approxi-
mately 14% better than what would be expected 
from a random model preserving the same quantity 
of net change.

Figure 7. Predicted development favorability in validation areas based on logistic regression
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Figure 8. Error map in the validation zones
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5. Discussion

One interesting result can be salvaged from the 
validation procedure. There is currently no clear 
understanding of the relationship between Fig-
ure of Merit at multiple resolutions and the null-

resolution. However, a Figure of Merit greater than 
50% would seem to represent a “Resolution of 
Merit” in that the Figure of Merit at that resolution 
becomes greater than the error. A cursory intuitive 
assessment might also seem to indicate that null 
resolution would tend to correspond to a Figure of 

Figure 9. Null model and predictive accuracy of logistic regression (Null Resolution: 71 pixels or 6,400 meters)

Figure 10. Figure of Merit by resolution (Null Resolution Figure of Merit: 57%)
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Merit of exactly or approximately 50%, given that 
both null-resolution and Resolution of Merit seem 
to represent a threshold, at which the performance 
of the model somehow “breaks even.” The Figure of 
Merit at the null-resolution in this instance was in 
fact 57%, although further research must be done 
to determine if this was simply a coincidence. Dif-
ference between null-resolution and Resolution of 
Merit was approximately 30%. At the moment it is 
not clear if this should be interpreted as a relatively 
large or small difference.

The methods in general do not yet have a mecha-
nism to test a statistical difference of two (or more) 
distinct values generated by one accuracy assessing 
measurement. For instance, there is no way of com-
paring two Figure of Merits to test whether or not 
the numerical difference of the two values is statisti-
cally significant. The situation is identical even for 
the state-of-art map comparison measurement as 
the probability distribution of the measurement has 
not yet been found; hence it is unknown (Pontius 
Jr. and Millones, 2011). That is, fully evaluating a 
land change model’s predictive accuracy in a statis-
tical manner is unlikely at the moment, and more 
research has to be done to found the statistical dis-
tribution of the map comparison measurement as it 
is often done in spatial statistics (Kim and O’Kelly, 
2008). 

While certain aspects of this project could be 
seen as a case study in vaguely conceived, even 
questionably useful scholarship, it is hoped that 
some useful results can be found in the calculated 
relationship between Figure of Merit and null reso-
lution, as well as observed empirical relationships 
between residential development probability and 
the variables of median income and terrain slope. 
The last two relationships in particular would seem 

to provide a relatively solid starting point for future 
model development and research. Determining 
whether this early understanding is correct, and to 
what degree it could improve our predictive capa-
bilities with respect to urban growth, must await 
future research.
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