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A B S T R A C T   

One of the challenges, when investigating sensitive attributes, or information that people tend not 
to disclose, through surveys is the ethical obligation to preserve the privacy of respondents. 
Although the randomized response method, originally suggested by Warner, allows estimating the 
proportion of such attributes within the population while maintaining confidentiality, the vari-
ance of the estimate consistently increases if the likelihood of selecting the question about sen-
sitive attribute increases. The purpose of this research is to introduce a new three-stage RR model 
which provides an efficient alternative to Warner’s model that allows more credibility from a 
practical perspective and apply the model to estimate noncompliance ratio in compulsory motor 
insurance. For the two models, a measure of privacy protection was calculated and a relation 
between this measure and the efficiency of both models was introduced. Efficiency comparisons 
indicate that the proposed model can always be made more efficient than both Warner’s and 
Mangat & Singh’s RR models. The proposed model, with specific parameter selection, was applied 
on a selected population and proved a practical reliability. The noncompliance ratio to obtain 
compulsory motor insurance was estimated by both a point and a confidence interval. This es-
timate provides a basis to predict third party motor insurance inclusion.   

1. Introduction 

Surveys are widely used by researchers as a principal technique to assess attitudes and behaviors in various situations and in many 
areas. When survey questions deal with sensitive or embarrassing issues, (such as, the use of drugs, psychiatric conditions, cheating 
behavior, fraud in insurance, …etc.), then research and practical difficulties arise, mainly, due to the ethical obligation of the re-
searchers to preserve the privacy of their respondents. Other issues of concern may also appear, among which is the non-sampling error 
bias resulting from “response effects” such as refusing to respond or untruthful reporting. Before the randomized response technique 
(RRT) was introduced, little progress has been made towards the solutions of these issues. 

Randomized response (RR) is a method used in surveys in which the goal is to reduce or eliminate response errors when re-
spondents are queried about illegal behaviors, sensitive or highly personal matters. A randomized response design indirectly acquires 
information from respondents by using a probabilistic random device through which the respondent selects a question from two or 
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more questions, one of them, at least, is sensitive. This happens without revealing to the interviewer which question has been chosen. 
Since the types of responses are the same for each question, no respondent (or answer) can be classified with certainty a posteriori with 
respect to the sensitive characteristic. This leads to that, when using RR, it is assumed that the information received from respondents 
are truthful and sufficient for estimation purposes. 

In addition, for any given probability distribution used in the design, it is possible to compute unbiased estimates of the parameters, 
such as the proportion, associated with the sensitive attribute. Therefore, RRT enables the researcher to assess attitudes and behaviors 
of populations which direct questions often fail to assess. 

Randomized response (RR) was first proposed by Warner in 1965 [1]. He built his method on the premise that respondents’ 
cooperation should be better if the questions allow answers that reveal less, even to the interviewer. The method is essentially based on 
a random device that makes the interviewee responds with answers that furnish information only on a probability basis. Although 
Warner’s method allows collecting responses about sensitive issues while maintaining confidentiality, the estimate of the proportion of 
the population with a sensitive attribute has additional variance due to the random device. 

Since Warner’s proposal, the randomized response technique has been extended to a number of directions by several authors who 
focused on reducing the variance of the estimate and improving the efficiency of the model, whether by suggesting parameter selection 
according to specific criteria that ensures minimizing the variance, or through using different estimation methods, or, mostly, via 
suggesting a design modification to the original model of Warner. 

In general, the efficiency of the randomized response estimate depends on all parameters involved in this estimate. However, 
choosing certain values for the parameters involved in the estimate could result in a minimum variance for the estimator, these same 
values could make respondents more suspicious and therefore the bias rising from incomplete or untruthful answers will dominate the 
mean square error, which in turn decrease the efficiency of the estimate. 

Several authors have suggested that the efficiency of randomized response technique can be improved by methods based on 
alternative estimation procedures. Few researchers suggested using information about auxiliary characteristics (Covariates) to 
improve RRT estimate precision [2–8]. Other researchers have dealt with the idea of adopting a Bayesian approach for the RRT [9–15]. 
Some developments suggested a stratified sampling to improve the estimate of the sensitive attribute [16–24]. 

The main approach, adopted by most research, for increasing the efficiency of RRT is based on design modification. Different 
modifications of Warner’s [1] RR were developed by various authors, just to name a few, Greenberg et al. [25]; Moors [26]; 
Raghavarao [27]; Mangat and Singh [28]; Kuk [29]; Mangat [30]; Singh et al. [31]; Bhargava and Singh [32]; Singh et al. [33]; Haung 
[34]; Chang et al. [35]; Gupta et al. [36]; Gjestvang and Singh [37]; Perri [38]; Abdelfatah and Mazloum [39]; Batool et al. [40]; Singh 
and Gorey [41]; Tarray and Singh [42]; Narjis and Shabbir [43]; Singh and Suman [44]. 

Singh et al. [45] proposed a model in which three randomizing devices are given to the respondents, the first two devices carrying 
the same two statements: (i) I belong to sensitive group A1 and (ii) Go to next randomization device, and the third device is the same as 
in the model suggested by Singh et al. [33]. The latter was a modified version of Greenberg’s unrelated question model [25] using a 
randomizing device that carries three statements: (i) I belong to sensitive group A1; (ii) I belong to non-sensitive group A2 and (iii) 
Report “No”. 

In this paper, a new model is considered, that differs from the Singh et al. [45] procedure in the sense that the third randomization 
device used in the proposed procedure is same as Warner’s model [1]. 

As a suggested application of the proposed RR model, the case of obligatory motor liability insurance is examined. This latter type 
of insurance is looked at as an ongoing concern, especially in regions where insurance culture and awareness are still developing. 

In 2009, a report by The World Bank shed some light on this issue in developing countries and emphasizes the importance of this 
type of insurance for road safety, personal responsibility, and safe transport systems in these countries. The report raises an issue of 
awareness pointing that car owners tend to think of motor insurance as a type of tax they can freely avoid rather than as a safeguard 
against personal liability, a concept that is unfamiliar to the public [46]. 

The lack of awareness and negative perceptions of auto liability insurance motor liability insurance among drivers has an impact, 
not only on seeking insurance coverage, but also on insurance claims [47]. The sufficiency of obligatory motor liability insurance 
premiums (contributions), which is a direct reflection of car owners’ compliance to the law, is a significant factor that affects the 
functionality of the insurance system as a whole [48]. 

In general, insurance rates and loss ratios are widely affected by the sufficiency or insufficiency of premiums, and rates can 
periodically increase due to this factor. Examples of such scenarios have been discussed by some authors, considering rate changes due 
to this along with other factors [49,50]. 

2. Materials and methods 

2.1. The original Warner’s model 

Warner [1] developed a method for estimating the proportion of persons with a sensitive attribute, A, (π), without requiring the 
individual respondent to report his actual classification, whether it be A or not-A to the interviewer. The respondent is provided with a 
randomizing device (such as, a spinner) in order to choose one of two statements of the form:  

(a) - I belong to sensitive group A (selected with probability p1)  
(b) - I do not belong to sensitive group A (selected with probability q1) 
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Without revealing to the interviewer which statement has been chosen, the respondent answers “yes” or “no” according to the 
statement selected and to his actual status with respect to the attribute A. With a random sample with replacement of n respondents, 
the maximum likelihood estimate of π as given in Warner’s design [1] with appropriate change of notations is: 

π̂ = [α̂ − q1 ][1 − 2q1 ]
− 1
, q1 ∕= 0.5 (1)  

where α̂ is the observed proportion of “yes” answers, α̂ = n′/n, n′:the number of “yes” answer in the sample. If all respondents answer 
the selected statement truthfully, the resulting estimate will be an unbiased estimate with variance given by: 

V(π̂)= π(1 − π)
/

n + q1 [1 − q1 ][1 − 2q1 ]
− 2 / n (2) 

It is clear from Eq. (2) that the variance of π estimator, according to Warner’s model, is greater than the typical variance of the 
proportion estimate, and that this variance is negatively correlated with the value of p = 1 − q (the second fraction in Eq. (2)). 

Warner [1] has established that, the variance of π decreases as |p − 0.5| increases, however, choosing big values for p leads to the 
loss of the advantages of confidentiality and that the bias rising from incomplete or untruthful answers dominates the mean square 
error. That is because the efficiency of the randomized response estimate depends on the psychological reaction of the respondents to 
the particular randomized response design that persuades them to cooperate or not to cooperate. 

This was the motivation behind suggesting the modified RR model presented in this work, that allows increasing the probability of 
selecting the sensitive question without making respondents more suspicious which increases untruthful responses, and, therefore, the 
variance of the estimate. 

This is done by increasing the efficiency of Warner’s model by proposing a random multi-stage tool that allows increasing the value 
of p to a reasonable extent without significantly affecting respondents’ confidence in the tool and their truthfulness. 

2.2. Proposed RR model 

The proposed model is based on a three-stage random tool that is distributed to the selected sample as shown in Fig. 1. In the first 
stage (S1), each respondent randomly chooses one of two alternatives: the first is a yes/no question which indicates whether the 
respondent possesses a specific sensitive attribute or not, and the second is an instruction to skip to the next stage. If the respondent 
moves to the second stage (S2), the choice is made between the same two alternatives, as in the first stage. For the third stage (S3), if the 
respondent reaches it, the choice is made between one of two alternatives (yes/no questions), exactly the same as the original Warner’s 
model. At the end of the process, all responses are collected, some of which are "yes" and the rest are "no". 

The probability of getting a "Yes" (α) can be expressed as follows (Eq. (3)): 

α= p3 π + q3 [p2 π + q2[p1 π + q1 (1 − π)]] (3)  

where: 
π: The proportion of individuals, within the population, who belong to the sensitive group. 
p4− s:The probability for the question that the individual belongs to the sensitive group shows up at stage s, where s = 1,2,3 and 

p4− s + q4− s = 1. 
The proposed estimator for the proportion of individuals, within the population, who belong to the sensitive group (π̂∗) is: 

π̂∗ = [α̂ − Q][1 − 2Q]
− 1
,Q ∕= 0.5 (4)  

where α̂ is the proportion of ‘yes’ answer obtained from the n sampled respondents and Q =
∏3

1
q4− s. To check the validity of Eq. (4), if 

Fig. 1. Proposed model flowchart.  
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we replace Q with q1, we can get the Warner’s estimate as given by Eq. (1) 
Properties of proposed estimator. 
Since the random variable nα̂ ∼ Bin(n, α), therefore α̂ is considered an unbiased estimator of α, and the variance of π̂∗ can be 

expressed as follows: 
Theorem 1. The variance of the proposed estimator V(π̂∗ ) is given by 

V(π̂∗ )= π(1 − π)
/

n + Q[1 − Q][1 − 2Q]
− 2 / n (5) 

Proof of Theorem 1. Using Eq. (4), the variance of π̂∗ is 

V(π̂∗ )=V
(
[α̂ − Q][1 − 2Q]

− 1)
=V(α̂)[1 − 2Q]

− 2 (6) 

Since α̂ follows a binomial distribution with parameter n and α, then 

V(α̂)= α (1 − α) / n (7) 

Substituting in Eq. (6) by Eq. (7) we can get, 

V(π̂∗ )= α(1 − α)[1 − 2Q ]
− 2 / n (8) 

We can use Eq. (3) to calculate α(1 − α) as follow, 

α(1 − α)= π(1 − π)[1 − 2Q ]
2
+ Q[1 − Q] (9)  

then, it is easy to get Eq. (5) by inserting Eq. (9) in Eq. (8). □ 
To check the validity of Eq. (5), if we replace Q with q1 , we can get the variance of Warner’s estimate as given by Eq. (2). 
Theorem 2. An unbiased estimator of V(π̂∗ ) is 

V̂ (π̂∗ )= α̂(1 − α̂)[1 − 2Q]
− 2 /

(n − 1) (10) 

Proof of Theorem 2. Taking expectation on both sides of Eq. (10), the result is hold. □ 

Fig. 2. The difference in efficiency between Warner’s model and the proposed model. (a) For q1 = 0.1 (b) For q1 = 0.2 (c) For q1 = 0.3 (d) For q1 =

0.4. 
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2.3. Efficiency comparison 

Here, our focus lies on exploring the specific conditions under which the efficiency of the proposed model, based on a three-stage 
random tool, outperforms both the original Warner’s model [1], which relies on a one-stage random tool, and the well-known Mangat 
& Singh’s model [28], which utilizes a two-stage random tool. 

The proposed estimator will be more efficient than the original Warner’s estimator iff: 

q2q3 < [1 − q1 ][1 − q1q2q3 ]
− 1 (11) 

The above inequality (Eq. (11)) shows that the proposed strategy can always be made more efficient than the usual Warner’s 
strategy by choosing any values of q2q3 for any suitable practicable value of q1. 

Fig. 2 (a – d) shows the difference, in terms of efficiency, between Warner’s model and the proposed model at practicable values of 
q1 and the different values of q2 and q3. Positive values are in favor of the proposed model. 

From Fig. 2, it may be noted that.  

1 For all different values of q2 and q3, and practicable values of q1 (q1 < 0.5), the proposed estimate is more efficient than Warner’s 
estimate.  

2 For fixed values of q2 and q3, the efficiency of the proposed estimate against Warner’s estimate increases as q1 increases from 0.1 to 
0.4.  

3 For fixed values of q1 and q2, the efficiency of the proposed estimate against Warner’s estimate increases as q3 decreases from 0.9 to 
0.1 (since the variance of the proposed estimate decreases as q3 decreases from 0.9 to 0.1, but the variance of Warner’s estimate is 
fixed).  

4 For fixed values of q1 and q3 the efficiency of the proposed estimate against Warner’s estimate increases as q2 decreases from 0.9 to 
0.1 (since the variance of the proposed estimate decreases as q2 decreases from 0.9 to 0.1, but the variance of Warner’s estimate is 
fixed. 

The proposed estimator will be more efficient than the original Mangat & Singh’s estimator iff: 

q3 < [1 − q1q2][1 − q1q2q3]
− 1 (12) 

The above inequality (Eq. (12)) shows that the proposed strategy can always be made more efficient than the Mangat & Singh’s 

Fig. 3. The difference in efficiency between Mangat & Singh’s model and the proposed model. (a) For q1 = 0.1 (b) For q1 = 0.2 (c) For q1 = 0.3 (d) 
For q1 = 0.4. 

A.M. Aboalkhair et al.                                                                                                                                                                                                



Heliyon 10 (2024) e27252

6

strategy by choosing any values of q3 for any suitable practicable value of q1 and q2. 
Fig. 3 (a – d) shows the difference, in terms of efficiency, between Mangat & Singh’s model and the proposed model at practicable 

values of q1 and the different values of q2 and q3. Positive values are in favor of the proposed model. 
From Fig. 3, it may be noted that.  

1 For all different values of q3, and practicable values of q1 and q2 , the proposed estimate is more efficient than Mangat & Singh’s 
estimate.  

2 For fixed values of q2 and q3, the efficiency of the proposed estimate against Mangat & Singh’s estimate increases as q1 increases 
from 0.1 to 0.4.  

3 For fixed values of q1 and q3, the efficiency of the proposed estimate against Mangat & Singh’s estimate increases as q2 increases 
from 0.1 to 0.4.  

4 For fixed values of q1 and q2, the efficiency of the proposed estimate against Mangat & Singh’s estimate increases as q3 decreases 
from 0.9 to 0.1 (since the variance of the proposed estimate decreases as q3 decreases from 0.9 to 0.1, but the variance of Mangat & 
Singh’s estimate is fixed). 

2.4. Measure of privacy protection 

One of the basic characteristics of a RR model is protecting the privacy of respondents. Different measures of privacy protection for 
RR models have been proposed (Anderson [51], Lanke [52], Leysieffer and Warner [53], Zhimin and Zaizai [54]). 

Applying the latter, the measure of protection for Warner’s model are given as 

MW(R)=
(1 − 2q1)

2

2q1(1 − q1)
(13)  

and the design probabilities for the proposed RR model can be obtained as: 
P(y|A) = 1 − Q and P(y|A) = Q. 
P(n|A) = Q and P(n|A) = 1 − Q. 
and 

P(A|y)=
π

π + (1 − π)(Q)/(1 − Q)

P(A|n)=
π

π + (1 − π)(1 − Q)/(Q)

And, hence, the measure of privacy protection is obtained as: 

MP(R)=
⃒
⃒
⃒
⃒1 −

1
2
{τ(y)+ τ(n)}

⃒
⃒
⃒
⃒

where 

τ(y)= 1 − Q
Q

, τ(n) = Q
1 − Q  

MP(R)=
(1 − 2Q)

2

2Q(1 − Q)
(14) 

To check the validity of Eq. (14), if we replace Q with q1 , we can get the measure of protection for Warner’s model as given by Eq. 
(13). 

The relation between the previous measure of privacy protection and the efficiency of both Warner’s model and the proposed model 
can be presented as follows: 

V(π̂)= π(1 − π)
/

n +
1

2nMw(R)
(15)  

V(π̂)= π(1 − π)
/

n +
1

2nMp(R)
(16) 

It is obvious from Eq. (15) and Eq. (16) the smaller the values of MP(R), the less the efficiency of π̂∗ . On the other hand, Zhimin and 
Zaizai [54] showed that, the smaller the values of their measure of privacy protection the more the privacy of respondents is being 
protected. A balancing act is obviously necessary. 
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3. Empirical study and results 

Saudi traffic law, Chapter 2, Article 8 [55], stated that “C. Each vehicle’s owner shall insure his/her vehicle and the regulations determine 
the rules regulating this.”. A Unified Compulsory Motor Insurance Policy has been issued by Saudi Central Bank, the financial super-
visory authority in said Arabia [56]. The policy covers the damage caused by the vehicle to a third party, but it does not cover the 
damage inflicted on the own vehicle. By law, third party motor insurance is a requirement in cases of car ownership transfer and car 
periodic technical inspection. At any other time, mostly if the car was involved in an accident or was randomly checked at a traffic 
point, if there is no valid vehicle insurance, the car owner will be fined a max of around $40 (Saudi traffic law, Violations Table No. (1) 
[55]), which, in fact, does not guarantee an acceptable level of compliance by car owners. Recently, obligatory (third party) car in-
surance rates have, substantially, increased within the Saudi insurance market, despite the declining number of car accidents [57]. One 
of the possible reasons for this is the insufficiency of insurance contributions, an issue that is closely related to our empirical study. 

In addition to that not having a third-party liability motor insurance is considered an illegal act, even if the insurance exists, there 
are other factors which may make a person hesitant to reveal this info when asked; among which are.  

• If another person, other than the owner of the vehicle, is using it, his/her name must be stated as a driver in the insurance policy, 
which is not often the case. This usually happens within families and among friends in the local community.  

• The vehicle may be used for a purpose other than that mentioned in the insurance policy. For example, when people use their cars to 
transport others for a fee, while the purpose of using the car in the insurance policy is private not commercial use. 

The proposed model was applied through an experimental study in which the population was final year male undergraduate 
students within a college of business who 1. own or drive a car (which is very common among university male students) and 2. have 
knowledge of the basics of risk and insurance. The rationale behind this selection was that the individuals within this ‘selected’ 
population are expected to have more awareness of the importance of ‘third party car insurance’ regardless of the ‘assumed’ 
compliance of buying such insurance. Moreover, according to the latest published official statistics by the Saudi Ministry of Health, 
males within the age group 19–30 are the most vulnerable to injury and death due to road traffic accidents [58]. Fig. 4 (a – d) shows the 
classification of injuries and deaths of car accidents in Saudi Arabia in 2020 by age (Fig. 4 (a,b)) and gender (Fig. 4 (c,d)). 

A random sample of 40 students was selected, then, few days before the experiment, they have been notified and agreed about 

Fig. 4. Traffic injuries and deaths in Saudi Arabia (2020) by age group and gender. (a) Injuries by age (b) Deaths by age (c) Injuries by gender (b) 
Deaths by gender. 
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location (in the college), date and time of the experiment. At the beginning of the experiment, a short presentation was delivered 
explaining the whole process and emphasizing that, by design, their privacies are well-preserved. Each respondent goes through the 
experiment, behind a partition, without being seen by anyone else in the room and leaves the room when finished. 

An empty box, 100 ‘Yes’ cards, 100 ‘No’ cards, and three spinner devices (smart phones with a spinner app (Spin The Wheel) 
installed) have been used for the purpose. The spinner app in the first two devices was set, with q1 = q2 = 0.4), to show one of two 
options:  

• Do you comply with the third-party insurance requirements and terms on your car at all time?;  
• Go to the next device. 

So, if option 1 appeared at any of the first two devices, the experiment ends, and the respondent drops a Yes or No card in the box. If 
the experiment extends to the third spinner device, the respondent will have to answer one of the following two questions, each having 
an equal chance to show up (q3 = 0.5):  

• Do you comply with the third-party insurance requirements and terms on your car at all time?;  
• Do you NOT comply with third-party insurance requirements and terms on your car at all time? 

Based upon the results obtained from the sample and applying Eq. (4) the estimate of the proportion of individuals, within the 
selected population, who are not complying with buying obligatory third-party car insurance, ̂π∗ , is 0.1875 and its estimated variance 
V̂(π̂∗ ) is 0.007512 (Eq. (10)). Thus, a 95% confidence interval for π̂∗ is (0.018, 0.357). 

4. Discussion 

The suggested RR model provides an efficient alternative to both Warner’s model and Mangat & Singh’s model that allows more 
credibility from a practical perspective. Setting the values for the probabilities q1, q2, q3 to 0.4, 0.4, 0.5, respectively, seem to be a 
rational choice in the sense that, both the efficiency and the privacy for the proposed model are equal to those of Warner’s model at 
p1 = 0.9 and those of Mangat & Singh’s model at p1 = 0.8. Furthermore, this selection maintains a good balance between increasing 
the likelihood of sensitive question appearance and reducing the level of suspicion by respondents, and, hence, raising their coop-
eration. Fig. 5 shows that the efficiency of the proposed model is better than that of both Warner’s and Mangat & Singh’s models at 
q2 = q3 = 0.5 for all values of q1. Also, at q2 = q3 = 0.5 and q1 = 0.4 the efficiency of the proposed model corresponds to that of 
Warner’s model at p1 = 0.9 and to that of Mangat & Singh’s model at p1 = 0.8. 

As per the specific application of the suggested model, for estimating obligatory motor insurance noncompliance ratio, the resulting 
estimate (0.1875) may be looked at as a close-to-minimum value for the whole car owners’ population in Saudi Arabia. This is because 
the selected sub-population on which the RR model was applied represents those car owners with ‘high’ awareness of insurance. 
Furthermore, this estimate can be considered a basis to predict the level of inclusion for this type of insurance which is a matter of 
importance in the context of both social and financial sustainability. Also, it would be beneficial for insurance companies to estimate 
this ratio within different areas or communities from time to time to adjust insurance rates and terms accordingly. Since gross pre-
miums in insurance include a loadings component, this ratio can be taken into consideration to adjust this component if necessary. 

In general, RR models, including the one presented in this article, can be an efficient data collection tool to investigate sensitive 
attributes in various areas [59]. 

Fig. 5. Efficiency Comparison between Warner’s model, Mangat & Singh model and the proposed model at selected values for q1, q2, q3.  
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