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We present the methodology used for estimating forecasts for the number of road traffic fatalities in 2011–2020 in Cambodia based
on observed developments in Cambodian road traffic fatalities and motor vehicle ownership in the years 1995–2009. Using the
latent risk time series model baseline forecasts for the fatality risk were estimated for the years 2010–2020. These baseline forecasts
were then used to obtain estimates for the future number of fatalities based on three scenarios for the future Cambodian growth in
motor vehicle ownership: a low, a middle, and a high growth scenario. The middle growth scenario results in an expected death toll
of approximately 3,200 in 2020. In 2010, it was therefore decided in Cambodia to set the target at a 50% reduction of this number
or 1,600 fatalities in 2020. If it is possible to achieve this target by taking additional actions to improve road safety, then a total of
7,350 lives could be saved in Cambodia over the whole 2011–2020 period.

1. Introduction
Road crashes and their consequences are a growing worldwide problem. This has been well documented in a number
of WHO reports. The Global Status Report on road safety [1]
states that in 2010 1.24 million deaths were on world’s roads.
Death rates (road traffic deaths per 100,000 population) in
middle- and low-income countries are twice (or more) the
rate in high-income countries. The death rates per registered
motorized vehicles differ even more. Projections in previous
WHO reports [2] showed that road traffic deaths will increase
on average by over 80% in low-income and middle-income
countries in 2020 compared to 1990. As low- and middleincome countries account for 90% of the world’s road deaths,
a reduction of 30% of road deaths in high-income countries
is unlikely to result in a net decrease in global road fatalities.
According to another prediction of the World Bank [3] South

Asia will witness the largest growth in road traffic deaths
between 2000 and 2020, with a dramatic increase of 144%.
Cambodia is one of these South Asian countries with a
current population of approximately 15 million inhabitants.
Its population is growing rapidly as does the number of motor
vehicles and road traffic deaths. Fatalities grew from 91 in 1995
to 824 in 2003. This problem has been brought to the attention
in the first National Road Safety Action Plan (NRSAP) (2006–
2010) of 2004 [4]. In this plan targets were set for the fatality
rates in 2010 and in 2020 as agreed between all ASEAN countries (Association of South East Asian Nations). These targets
are not more than 7 fatalities per 10,000 vehicles by 2010 and
not more than 2 fatalities per 10,000 vehicles by 2020 [5]. The
target for 2010 turned out to be far too ambitious (see Table 1).
In 2010, a new road safety target for 2011–2020 was
proposed by the road safety stakeholders in Cambodia. In the
same period the Organization for Economic Cooperation and
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Development/International Transport Forum (OECD/ITF)
had initiated a project that was to provide support for the
improvement of the road crash data registration in Cambodia
and for the use of these data in developing an effective
road safety policy. Many reports of road safety experts and
committees have explored the requirements for effectively
managing a road safety programme (e.g., OECD/ITF [6] and
OECD [7]). Apart from a vision and targets effective implementation of strategies and actions are necessary, supported
through a positive political environment and synergies with
other related policy areas [6]. So target setting is a necessary
but not sufficient condition for effective road safety management. The effects of quantified targets on fatality reductions
have been researched several times [8–11]. The overall results
suggest that target setting is associated with a substantial
positive effect on the trend in road fatalities during the period
in which the targets were in effect. The studies included
only high-income countries. The interactions among possible
influential factors like the presence of detailed road safety
programmes, long-term commitments, and expenditures on
these programmes were not taken into consideration but may
have contributed to the effect [10]. Notably these confounding
factors may differ between high- and low-income countries
and deserve further exploration. Nevertheless the setting of
a quantified target was considered to be a key element and
starting point for developing effective road safety management in Cambodia. To prevent setting too ambitious targets,
it was decided to underpin the target with a baseline forecast
of the fatalities in the target year. In the framework of this
project, a road safety forecast for the number of road fatalities
in 2011–2020 was also developed.
In this paper, we discuss the methodology used to
estimate these forecasts and present the resulting expected
number of fatalities as well as the new Cambodian national
target that was set for 2020 based on these forecasts.

2. Background
The target for 2020 in the previous Cambodian NRSAP
(2004) was set at 2 fatalities per 10,000 motor vehicles.
Compared to the actual fatality rate of 18.4 per 10,000 motor
vehicles in 2003, this implies a reduction of 89%, a very
ambitious target; see Table 1. However, we should consider
not only the fatality rate but also the absolute number of
fatalities. The future number of fatalities will depend on
changes in the use and modes of transportation, in particular
the number of motorized vehicles. In Cambodia motorized
vehicles are mainly motorbikes. If the number of motorized
vehicles would remain at the same level as in 2003 the number
of fatalities should also decrease by 89%, that is, from 824 to 91
fatalities, in order to meet the target of 2 fatalities per 10,000
motor vehicles in 2020. However, considering the continuous
increase in the number of vehicles since 2003, the number
of vehicles is expected to be much higher in 2020 than in
2003. If this number will be ten times as large as in 2003 (i.e.,
4.47 million motorized vehicles), for example, then a target
of 2 fatalities per 10,000 motor vehicles would approximately
correspond to 895 fatalities in 2020, which is even a modest
increase compared to the 814 fatalities in 2003.
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Table 1: Observed numbers of fatalities (in absolute numbers),
observed numbers of motor vehicles (in thousands), and fatality risk
(fatalities per thousand vehicles) in Cambodia for the years 1995–
2009.
Year

Fatalities

Motor vehicle
fleet

Fatality risk∗

1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

91
94
83
102
196
401
459
535
824
1042
904
1292
1545
1638
1717

202.190
228.922
256.330
277.211
304.918
335.069
369.298
420.418
447.428
485.612
574.829
714.463
868.852
1084.320
1391.656

0.45
0.41
0.32
0.38
0.64
1.20
1.24
1.27
1.84
2.15
1.57
1.80
1.78
1.51
1.23

∗

Please note that the fatality risk has been expressed in fatalities per ten
thousand vehicles.

This example illustrates that it might be easier to understand a target formulated in terms of a reduction in the
absolute number of fatalities and also that future changes in
motorization should be explicitly taken into account when
setting this target. As a result a new road safety target was
proposed in terms of a percentage reduction of the baseline
forecast for the number of fatalities in 2020, that is, their
projected number without additional road safety measures
(in other words based on a “business as usual” scenario).
In the past various methods have been developed to
obtain forecasts of fatalities in the absence of additional
road safety measures [12]. In theory forecasts should involve
causal factors that contribute to the incidence of crashes [13].
However, this requires a detailed and quantitative knowledge
of these causal factors and that knowledge is still lacking. Even
if knowledge about these causal factors would be available,
however, they still would all have to be forecasted too in order
to predict the future number of fatalities. For this reason,
it is common to extrapolate the historical time trend in the
number of fatalities.
About one crucial causal factor of the incidence of road
crashes, however, data is available for Cambodia. This is
the annual number of motorized vehicles which can be
considered as a proxy for the exposure to risk in Cambodia.
The number of fatalities is often defined as the product of
two factors: the number of fatalities divided by the number
of motorized vehicles (which is a measure of the fatality risk
or rate) and the number of motorized vehicles (which is a
measure of the exposure to risk).
Generally, fatality rates can also be based on the size
of the population or on the number of kilometres travelled
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Figure 1: Plots of observed numbers of fatalities (a) and of number of motor vehicles in thousands (b) in Cambodia for the years 1995–2009.

in a country as a denominator. However, the size of the
population would not be a good proxy for the exposure to
risk in Cambodia since the recent development of the vehicle
fleet in Cambodia is probably a better approximation of this
exposure. Moreover, the size of the vehicle fleet was also used
as denominator for the fatality rate in the previous Cambodia
NRSAP of 2004. Travel volume data might have been an
even better proxy for exposure but these are not available in
Cambodia.
Different types of models have been used for the extrapolation of time trends in fatality rates, ranging from deterministic models such as classic linear regression models
(e.g., [14]), log-linear regression models (e.g., [14, 15]), and
logistic and exponential models [16] to more advanced
stochastic models like ARIMA models (e.g., [17]), the DRAG
model [18], and structural time series models (e.g., [19–21]).
Deterministic models are not well-equipped to handle the
dependencies inherently present in time series observations,
while stochastic models are. This is especially important
when it comes to the proper use of statistical tests and
to the construction of appropriate confidence limits; see
Commandeur et al. [22] for details. In order to obtain
forecasts of the fatality risk in 2011–2020 in Cambodia it was
decided to apply a dedicated structural time series model
allowing for the simultaneous analysis of fatalities and motor
vehicle data called the latent risk time series model [19].
In some countries forecasts for the number of motor vehicles are based on studies performed by transport researchers.
In Cambodia, however, no such studies have been done so
far and the expected number of motor vehicles in 2020 was
therefore obtained by consulting national experts with the
results presented in Section 4.2.
Generally, developments in casualty risks (i.e., rates) tend
to be more stable than the separate developments in the
number of casualties and in the number of motor vehicles
(or other proxies for the exposure in a country) from which
the casualty risk is derived (i.e., as the ratio of the two). In
combination with good forecasts for the number of motor
vehicles or with growth scenarios for the number of motor
vehicles this leads to a preference for forecasting risks rather
than casualties.
In recent studies the projected time trend is sometimes
modified. Using an approach based on extrapolation, one
assumes past time trends to continue into the future. Implicitly, it is assumed that future road safety policy will result in a
further continuation of past baseline trends. In reality, future

trends will differ from those in the past as a result of changes
in road safety policy, changes in the effectiveness of policy,
and other factors. To a certain extent these changes are known
or can be estimated, and therefore the baseline forecast can
be “corrected” for these changes. Such an approach was, for
example, followed by Broughton and Knowles [15], Corben
et al. [23], and Weijermars and Wesemann [12].
However, in Cambodia little quantitative data and knowledge are available on (the effect of) previous and current road
safety measures, so it was not possible to correct the future
trend.

3. Methodology
3.1. Approach and Data. A baseline forecast of the number
of fatalities per 1,000 motor vehicles in 2020 was made
by extrapolation of the historical trend in the fatality risk.
This baseline forecast was made assuming that no additional countermeasures would be implemented in Cambodia
“business as usual.” Complementary to these latter forecasts,
forecasts based on three growth scenarios for the number
of motor vehicles in 2020 were provided by consulting local
experts. The number of fatalities in 2020 was obtained by
multiplication of the outcomes of these two forecasts.
In 2010 fatality data and data on the number of registered
motor vehicles (mainly motorbikes) were available for the
period 1995–2009; see Table 1 and Figure 1.
The data on fatalities 1995–2009 were obtained from the
Road Crash and Victim Information System. These data are
collected by the police and also by hospitals. The system
was run in 2010 by the Ministry of Interior, Ministry of
Health, and Ministry of Public Works and Transport in
cooperation with Handicap International. The registration of
motor vehicles is performed and maintained by the Ministry
of Public Works and Transport. It is hard to assess the quality
of these data. As always, one should be prepared for missing
and/or incorrect data.
3.2. Forecasting Methodology. The number of fatalities and
the best available exposure indicator for Cambodia in Table 1
and Figure 1 were analysed simultaneously with the bivariate
latent risk time series model of Bijleveld et al. [19]; see also
Durbin and Koopman [24, Section 3.3.3]. For further details
of the methodology used in this paper we refer to Appendix A
and the just mentioned references.
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In Dupont et al. [21] this model was applied for the
forecasting of the annual fatality numbers in 30 European
countries. The model is based on the assumption that the
amount of exposure and the number of fatalities are intrinsically related. It captures the dynamic evolution in the fatalities
as the product of the dynamic evolution in two latent trends:
the trend in the fatality risk and the trend in the exposure
to that risk. The latter two trends are specified as local
linear trends; see Harvey [25], Commandeur and Koopman
[26], and Durbin and Koopman [24] for details. Another
assumption of the latent risk time series model is that both
the registered number of fatalities and the registered number
of motor vehicles are contaminated with measurement error
(which they almost certainly are).
The optimally modelled trends (see Appendix B for the
estimated model parameters) were next projected into the
future, thus yielding forecasts and confidence intervals for
the fatality risk expressed as a function of the number of
fatalities per 1,000 motor vehicles for the years 2010–2020.
These are the baseline forecasts, that is, how we would expect
the historical risk trend to evolve according to a “business
as usual” scenario. The forecasted values of fatality risk for
the years 2010–2020 were then multiplied by the expected
number of motor vehicles in this same period to obtain
the estimated number of fatalities. The expectations of the
growth in the number of motor vehicles were based on
estimates provided by national experts. In some countries the
quantified effects of single road safety measures are known
from previous studies; this allows one to estimate the effect
of the introduction of a single new safety measure or even
of a complete road safety programme consisting of several
new road safety measures simultaneously. It thus becomes
possible to adapt the baseline forecast for the expected effect
of new safety measures or to perform an ex-ante evaluation
as presented in Siegrist [27] and applied in Weijermars and
Wesemann [12]. However, in Cambodia, it was not feasible
to make such adaptations to the baseline forecast because the
relevant data are unavailable.

4. Results
4.1. Fatality Risk. The latent risk time series model yielded
forecasts for the number of fatalities per 1,000 motor vehicles
(the fatality risks) that are given in Table 2, including their
68% confidence limits.
4.2. Motor Vehicles. When invited to estimate the growth
of the number of motor vehicles in Cambodia for the
years 2010–2020, national experts foresaw the three possible
scenarios shown in Table 3. The first growth scenario for
the number of motor vehicles in 2020 is a low estimate of
1,391,656 in 2009 (see Table 1) plus 3 million vehicles, the
second is a middle estimate of 1,391,656 in 2009 plus 4 million
vehicles, and the third is a high estimate of 1,391,656 in 2009
plus 5 million vehicles.
4.3. Fatalities. The forecasted values of the fatality risk for the
years 2010–2020 in Table 2 were multiplied by the expected
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Table 2: Forecasted absolute values of Cambodian fatality risk (i.e.,
number of fatalities per thousand motor vehicles) in the years 2010–
2020, including their 68% confidence limits.
Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

Absolute risk
1.04391
0.89868
0.79288
0.71937
0.67079
0.64034
0.62219
0.61155
0.60472
0.59896
0.59237

Lower bound
0.79097
0.55649
0.38683
0.26398
0.17675
0.11619
0.07507
0.04772
0.02987
0.01842
0.01120

Upper bound
1.297159
1.242678
1.204927
1.190057
1.197959
1.228209
1.281228
1.358552
1.462963
1.598648
1.771461

Table 3: Possible scenarios (low, middle, and high) for future motor
vehicle ownership (in thousands) in Cambodia for the years 2010–
2020.
Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

Low
1664.383
1937.111
2209.838
2482.565
2755.292
3028.020
3300.747
3573.474
3846.201
4118.929
4391.656

Middle
1755.292
2118.929
2482.565
2846.201
3209.838
3573.474
3937.111
4300.747
4664.383
5028.020
5391.656

High
1846.201
2300.747
2755.292
3209.838
3664.383
4118.929
4573.474
5028.020
5482.565
5937.111
6391.656

number of motor vehicles in this same period in Table 3
in order to obtain the expected number of fatalities. This
was done for each of the three vehicle growth scenarios.
For example, the expected number of fatalities in 2020 for
the low vehicle growth scenario is (0.59237)(4391.656) =
2,602 (with a lower bound of (0.01120)(4391.656) = 49
fatalities and an upper bound of (1.771461)(4391.656) = 7,780
fatalities); for the middle and high vehicle growth scenarios
it is (0.59237)(5391.656) = 3,193 and (0.59237)(6391.656) =
3,786, respectively. The complete results of the fatality forecasts for the years 2010–2020 according to the three vehicle
growth scenarios are given in Tables 4, 5, and 6 and plotted in
Figures 2, 3, and 4, respectively.
It may be noted that the uncertainty, as indicated by the
confidence limits, surrounding the forecasts in Figures 2, 3,
and 4 becomes larger and larger as the forecasts are for time
points further and further into the future. This is as one would
expect on intuitive grounds.
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Table 4: Forecasted absolute numbers of Cambodian fatalities in the
years 2010–2020, including their 68% confidence limits, according to
the low vehicle growth scenario.
Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

Lower bound
1316.5
1078.0
854.8
655.3
487.0
352.0
248.0
171.0
115.0
76.0
49.2

Fatalities
1737.5
1740.8
1752.1
1785.9
1848.2
1939.0
2054.0
2185.4
2325.9
2467.1
2601.5

Upper bound
2159.0
2407.2
2662.7
2954.4
3300.7
3719.0
4229.0
4854.8
5626.9
6584.7
7779.6

Table 5: Forecasted absolute numbers of Cambodian fatalities in the
years 2010–2020, including their 68% confidence limits, according to
the middle vehicle growth scenario.
Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

Lower bound
1388.4
1179.2
960.3
751.3
567.3
415.2
295.6
205.2
139.3
92.6
60.4

Fatalities
1832.4
1904.2
1968.4
2047.5
2153.1
2288.2
2449.6
2630.1
2820.6
3011.6
3193.9

Upper bound
2276.9
2633.1
2991.3
3387.1
3845.3
4389.0
5044.3
5842.8
6823.8
8038.0
9551.1

Table 6: Forecasted absolute numbers of Cambodian fatalities in the
years 2010–2020, including their 68% confidence limits, according to
the high vehicle growth scenario.
Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

Lower bound
1460.3
1280.3
1065.9
847.3
647.7
478.6
343.4
239.9
163.8
109.4
71.6

Fatalities
1927.3
2067.6
2184.6
2309.1
2458.0
2637.5
2845.6
3074.9
3315.4
3556.1
3786.2

Upper bound
2394.8
2859.1
3319.9
3819.9
4389.8
5058.9
5859.7
6830.8
8020.8
9491.3
11322.8

5. Target Setting
During the preparations of the target setting for 2011–2020
it was decided to use the middle vehicle growth scenario
in Table 5 and Figure 3 as a starting point and to consider
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Figure 2: Modelled (1995–2009) and forecasted (2010–2020) absolute numbers of Cambodian fatalities, including their 68% confidence limits, according to the low vehicle growth scenario.
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Figure 3: Modelled (1995–2009) and forecasted (2010–2020) absolute numbers of Cambodian fatalities, including their 68% confidence limits, according to the middle vehicle growth scenario.

the corresponding forecasts as the number of fatalities to be
expected if no additional efforts would be made to improve
road safety in Cambodia.
The baseline forecast of the number of fatalities without
additional actions was thus estimated to be 3,194 or 3,200
fatalities (rounded) in 2020. The new target was set to reduce
this number by taking additional actions with 50% to 1,600
fatalities; this decision was made in a “top down” way mainly
based on political arguments and because a “bottom up”
approach (i.e., based on an ex-ante evaluation of new policy)
was not feasible. This reduction of 50% is some 200 fatalities
less than the 1,816 fatalities observed in 2010 which was the
year of setting the target in 2020. So in the systematics of
the Decade of Action one would speak of a target of minus
11%, being the fatality reduction in 2020 compared with
the reference year 2010. For each of the 10 years up to and
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Table 7: The estimated number of fatalities in Cambodia with and without additional actions in 2011–2020.

Number of fatalities: without additional actions
Number of fatalities: with additional actions
Percentage reduction
Absolute reduction
Total

2011
1904
1809
5%
95

2012
1968
1772
10%
197

2013
2048
1740
15%
308

2014
2153
1722
20%
431

3500
10000

2015
2288
1716
25%
572

2016
2450
1715
30%
735
7350

2017
2630
1710
35%
921

2018
2821
1692
40%
1128

2019
3012
1656
45%
1355

Number of
fatalities

2020
3194
1597
50%
1597

3,200

3000
8000
2500
6000
2000
4000

1545

1638

1717

1500
2000
1000

Figure 4: Modelled (1995–2009) and forecasted (2010–2020) absolute numbers of Cambodian fatalities, including their 68% confidence limits, according to the high vehicle growth scenario.

including 2020 an interim objective was set of an additional
reduction of approximately 5% per year, ending up with a
50% reduction in 2020. If the additional actions turn out to
be effective, over the whole period of 2011–2020, a total of
7,350 fatalities will be saved in comparison with the baseline
forecast of 3,200 fatalities for 2020, as indicated in Figure 5
and Table 7.

6. Discussion and Conclusions
We have shown how forecasts for the expected number of
road traffic fatalities in 2020 were obtained for the National
Road Safety Target 2011–2020; we did the most with data and
knowledge available in Cambodia, including a quantification
of the large uncertainty surrounding these forecasts. As a
proxy for the exposure to risk the registered annual number
of motor vehicles in 1995–2009 was used, while their forecasts
were based on three possible growth scenarios provided by
local experts. Applying the latent risk time series model to the
simultaneous analysis of the annual number of fatalities and
the annual number of motor vehicles in 1995–2009 resulted in
forecasts of the fatality risk for the years 2010–2020. Estimates
for the expected number of fatalities in the years 2010–
2020, including their confidence limits, were obtained by
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Figure 5: Potential of the National Road Safety Action Plan 2011–
2020.

multiplying these forecasts of the fatality risk by the three
growth scenarios for the number of motor vehicles.
It was decided to use the forecasts corresponding to the
middle growth scenario as the baseline forecast for what to
expect in 2020 without any additional efforts: approximately
3,200 fatalities. This forecast is embedded in various uncertainties: the data quality, the lack of data concerning past
and future road safety measures, and hence the assumptions
that had to be made on transport and traffic safety policy
(business as usual). Still from the viewpoint of decision
makers the forecast reduced the uncertainties that they were
facing anyhow when preparing a target for 2020. Based on our
experiences in Cambodia, we suggest that other low-income
countries in the South East Asian region would benefit as
well from this type of fatality forecasting. Sound data on
fatalities and travelling or vehicle fleet are a prerequisite. It
was further decided in a “top down” way to set the target in
2020 at 50% of this number or 1,600 fatalities. If, moreover,
this 50% reduction due to additional efforts is achieved by a
reduction of approximately 5% every year, then it is expected
that a total of 3,750 lives could be saved in the whole period
of 2011–2020. It may be noted that this annual reduction of
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approximately 5% is somewhat higher than the ambition level
of 4.5% reduction discussed in Sze et al. [28] who found
a lower likelihood of target success for ambition levels set
higher than 4.5% in more developed countries.
It is intended to monitor annually the implementation
and effects of the new NRSAP, 2011–2020; the intermediate
annual outcomes can be used to expand the efforts of the
programme or for adjustments of the target. This information
is also valuable to explore the impact on fatalities, not only
of target setting but also of confounding factors like the
presence of detailed road safety programmes, long-term commitments, and expenditures on these programmes. Previous
studies into the effects of quantified target setting included
only high-income countries and notably these confounding
factors may differ between high- and low-income countries
like Cambodia.

The general multivariate time series model can be represented in state space form as follows:

A. The Latent Risk Time Series Model
The methodology used in this paper is based on the state
space methodology discussed in Durbin and Koopman [24],
Commandeur and Koopman [26], and Bijleveld et al. [19].
The methodology discussed in the just mentioned references
is well able to handle the dependencies usually observed in
time series data and can easily be extended to the analysis of
multivariate time series data.
𝜇𝑡(1)
𝛼𝑡 = (

](1)
𝑡

),

](2)
𝑡
𝜉𝑡(1)
𝜂𝑡 = (

𝜉𝑡(2)
𝜁𝑡(1)

),

𝜁𝑡(2)
1 0 1 0
𝑇𝑡 = (

0 1 0 1
),
0 0 1 0
0 0 0 1
1 0 0 0

𝑅𝑡 = (

0 1 0 0
),
0 0 1 0
0 0 0 1

𝑍𝑡 = (

1 0 0 0
1 1 0 0

𝐻𝑡 = (

𝜎𝜀2(1)

),

cov (𝜀(1) , 𝜀(2) )

cov (𝜀(1) , 𝜀(2) )
𝜎𝜀2(2)

(A.1)

𝛼𝑡 = 𝑇𝑡 𝛼𝑡 + 𝑅𝑡 𝜂𝑡 ,

(A.2)

for 𝑡 = 1, . . . , 𝑛. The observation or measurement (A.1) is
for 𝑝 × 1 vector 𝑦𝑡 containing the values of 𝑝 observed time
series at time point 𝑡. 𝑝 × 1 irregular vector 𝜀𝑡 contains 𝑝
observation disturbances, with one for each time series in 𝑦𝑡 .
𝑝 observation disturbances are assumed to have zero means
and an unknown variance-covariance structure represented
by variance matrix 𝐻𝑡 of order 𝑝 × 𝑝. 𝑚 × 1 state vector
𝛼𝑡 contains unobserved variables and unknown fixed effects.
Matrix 𝑍𝑡 of order 𝑝 × 𝑚 links the unobservable factors
and regression effects of the state vector with the observation
vector. Matrix 𝑇𝑡 in (A.2) is called the transition matrix, and
is of order 𝑚 × 𝑚. The 𝑟 × 1 vector 𝜂𝑡 contains the state
disturbances. The state disturbances have zero means and
unknown variances and covariances, which are collected in
the covariance matrix 𝑄𝑡 of order 𝑟 × 𝑟. In many standard
cases, 𝑟 = 𝑚 and matrix 𝑅𝑡 is identity matrix 𝐼𝑚 . In
other cases, matrix 𝑅𝑡 is 𝑚 × 𝑟 selection matrix with 𝑟 <
𝑚. Although matrix 𝑅𝑡 can be specified freely, it is often
composed of a selection from the 𝑟 columns of the identity
matrix 𝐼𝑚 .
By defining

Appendix

𝜇𝑡(2)

𝑦𝑡 = 𝑍𝑡 𝛼𝑡 + 𝜀𝑡 ,

),
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𝜎𝜉2(1)
𝑄𝑡 = (

cov (𝜉(1) , 𝜉(2) )

0

0

cov (𝜉 , 𝜉 )

𝜎𝜉2(2)

0

0

0

0

𝜎𝜁2(1)

cov (𝜁(1) , 𝜁(2) )

0

0

cov (𝜁(1) , 𝜁(2) )

𝜎𝜁2(2)

(1)

(

(2)

),
)
(A.3)

(1)
(1)
](1)
𝑡+1 = ]𝑡 + 𝜁𝑡 ,

we obtain the latent risk time series model consisting of the
two observation equations,
𝑦𝑡(1) = 𝜇𝑡(1) + 𝜀𝑡(1) ,

(2)
(2)
](2)
𝑡+1 = ]𝑡 + 𝜁𝑡 .

(A.5)
(A.4)

𝑦𝑡(2) = 𝜇𝑡(1) + 𝜇𝑡(2) + 𝜀𝑡(2) ,

B. Parameter Estimates

and the following four state equations:

The maximum likelihood estimates of the variances and
covariances obtained with the latent risk model applied to
the logarithm of the annual number of motorized vehicles
in Cambodia and the logarithm of the annual number of
fatalities are

(1)
(1)
𝜇𝑡+1
= 𝜇𝑡(1) + ](1)
𝑡 + 𝜉𝑡 ,
(2)
(2)
= 𝜇𝑡(2) + ](2)
𝜇𝑡+1
𝑡 + 𝜉𝑡 ,

1.6037 × 10−20 −8.43623 × 10−21
𝐻𝑡 = (
),
−8.43623 × 10−21 2.77809 × 10−20
1.37917 × 10−6 −2.52119 × 10−4
−4

𝑄𝑡 = (

−2.52119 × 10

−3

1.60488 × 10

0

0

0

0

0

0

4.60885 × 10−2 −4.16301 × 10−3

0

0

−4.16301 × 10−3 1.07987 × 10−2
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