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Abstract It has been suggested that stock exchanges may be tested for market efficiency by
using tests for assessing random number generators. This paper uses such a test to assess the
efficiency of small, mid and large cap indices on the Johannesburg Stock Exchange, while
making adjustments for thin trading which occurs during the sample period. The efficiency
of these indices is examined using individual share level data as well as index level data over
a stable period and a period containing the 2008 financial crisis. This study finds evidence
suggesting that small cap stocks exhibit a high degree of non-randomness in price movements.
Some inefficiencies also appear to be present in mid and large cap stocks, however to a much
lesser extent, with large cap stocks exhibiting higher levels of efficiency. Many of the stocks
investigated appear to exhibit lower levels of efficiency during the crisis period. This may be
a result of increased irrationality during periods of uncertainty.

Keywords Overlapping serial test - Market efficiency - OR application in finance

1 Introduction

A widely debated topic in the financial and economic fields over the last century concerns the
efficiency of stock markets. Research has been conducted by many academics using a range
of tests in an attempt to determine whether various markets around the world show signs of
informational efficiency (see Fama 1965b; Jefferis and Smith 2005; Mangani 2007). It has
recently been suggested that the efficient market hypothesis (EMH) may be tested using tests
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of random number generators (RNGs), which are designed to assess whether sequences of
numbers are truly random (Doyle and Chen 2013). One such test is the overlapping serial
test (OST) which is considered to be amongst the strongest tests of RNGs available (Xu and
Tsang 2007). The use of such tests has received little attention in studies of efficiency in
South African markets. This study aims to implement such methods on the Johannesburg
Stock Exchange (JSE) while tailoring the methodology to take into account the unique charac-
teristics of this market by making adjustments for thin trading. It is assessed whether sufficient
evidence of non-randomness exists in price changes of small, mid and large cap stocks. This
is done by examining these stocks at an individual share level as well as an index level.

This paper will begin with Sect. 2 providing some background theory on the EMH and
RNGs, as well as a review of market efficiency in South Africa. The methodology employed
in this study is then described in Sect. 3, after which the results and analysis are then presented
in Sect. 4. The paper ends by stating the conclusions in Sect. 5.

2 Background theory

This section introduces the concepts of efficient markets and random number generators, and
how they tie together. Existing literature on market efficiency is thereafter reviewed.

2.1 The efficient market hypothesis

In an efficient market the prices of stocks take all available information into account, and
any new information should thus be rapidly assimilated by the market and reflected in share
prices (Bodie et al. 2010). In such a market a stock’s price should be a fair estimation of its
intrinsic value (Fama 1965a). Closely linked and researched alongside the EMH is the idea
that stock market price changes or returns may follow a random walk. If the returns of a
stock follow a random walk, it would imply that they are independent of one another, and
therefore past price changes should not affect price changes in the future. In other words,
future stock price changes should not always be accurately predictable beforehand and used
in a consistently successful investment strategy.

If a market is efficient and all available information is considered by share prices, which
are approximating their intrinsic values, then the occurrence of new information would cause
share prices to follow a random walk (Malkiel 2003). This is because the occurrence of new
information and news is by nature generally unpredictable, and the resulting price changes
will be as well. If this is the case, investors employing a technical or fundamental strategy
will not consistently be able to earn a return that is above the average buy-and-hold strategy
without accepting above average risk (Malkiel 2003). This suggests that an uninformed
investor could potentially achieve returns similar to investment professionals by investing in
a portfolio of stocks.

There are three recognised forms of market efficiency: weak form, semi-strong form and
strong form. Weak form efficiency describes the case where stock prices are said to reflect
all information about historical share prices and trading volumes (Fama 1970). Semi-strong
form efficiency states that stock prices will reflect any information related to the stock that is
publicly available. This includes price and trading data as well as firm specific data, such as
the competency of management and forecasts of company performance (Bodie et al. 2010).
Strong form efficiency asserts that stock prices will reflect all information in the other two
efficiency forms and in addition considers insider information that is known only by those in
close relation to the company.
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2.2 Stock markets as random number generators

In describing the random walk theory of stock returns, Fama (1965b: 34) explained that: “the
future path of the price level of a security is no more predictable than the path of a series of
cumulated random numbers.” In fields such as computer science and operational research,
sequences of random numbers are required for uses such as encryption and Monte Carlo
studies (Marsaglia 1985). There are several different types of random number generators
(RNGs) which can be used to generate random number sequences, and the two main cate-
gories are: pseudo random number generators (PRNGs) and true random number generators
(TRNGs) (Kohlbrenner 2003). PRNGs produce sequences of numbers by using a predefined
algorithm and an input value called the “seed”. Despite the fact that these sequences usually
appear random, they are often not: if the same input value is used, an identical sequence
will always be produced (Kohlbrenner 2003). This suggests that there could be an element
of predictability in PRNG sequences. TRNGs produce sequences that are unpredictable and
that cannot be reproduced. This is achieved by using physical processes that are often natural
sources of randomness, such as white noise, the decay of radioactive material, or flicker noise
of resistors (Kohlbrenner 2003).

In conducting studies and simulations it is often important that a good quality RNG is used
to produce the sequence of random numbers. Consequently there are several tests available
that can be used to test the robustness of RNGs, such as: the gorilla test, the overlapping
serial test, the birthday-spacings test, and various other tests (see Marsaglia 1985; Xu and
Tsang 2007). If stock market returns follow a random walk, or the market is efficient, the
returns of securities may be viewed as a sequence of random numbers, as would be generated
by an RNG (Doyle and Chen 2013). It may therefore be enlightening to treat stock returns
as if they were sequences of random numbers and subject them to the same tests that RNGs
are critiqued by. In this sense the stock market will be treated as if it were an RNG, and the
market movements as the random number sequence produced.

The overlapping serial test (OST) is a test of randomness that was developed by Good
(1953), and has also been referred to as the overlapping m-tuple test by Marsaglia (1985). The
OST isborrowed from the field of operational research where itis used in testing the stringency
of RNGs. The usefulness of operational research techniques in finance was pointed out by
Mulvey (1994), as well as his specific mentioning of the use of these techniques when looking
for security anomalies. In the past, many of the studies that have tested for dependencies in
stock price movements used tests such as the runs test, serial correlation, auto regression
analysis, variance ratio tests, Dickey Fuller test, and the Box Pierce test (see Bonga-Bonga
2012; Jefferis and Smith 2004; Hadassin 1976). Doyle and Chen (2013) discussed that many
of the tests which are often used in EMH studies detect the clustering of similar returns; the
OST, however, does not use the clustering of similar returns, but rather looks at the distribution
of the patterns or sequences of returns in the market. The OST identifies significant deviations
from randomness that differ from deviations found by the commonly used tests of market
efficiency (Doyle and Chen 2013). The OST also analyses all possible patterns of a specific
length at the same time, and does not simply choose the most imposing deviations, after which
the distribution of patterns is observed to see if it is irregular. It may therefore be expected
that by using the OST, evidence may become available that would not be found by other tests.

In order to test the strength of the OST and its ability to reject poor RNGs, Xu and Tsang
(2007) conducted a study where the OST was tested on a library consisting of 57 RNGs.
The study was set up so that the more powerful the test of randomness, the more RNGs it
would reject. The study found that the OST is as powerful and as difficult to pass as the
gorilla test, which is considered to be one of the most stringent tests of RNGs available.
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The OST rejected 29 of the RNGs, which is one more than the Gorilla Test was able to. Both
tests rejected mostly the same RNGs in the library, with the remaining RNGs that were not
rejected being considered robust generators (Xu and Tsang 2007). This justifies the use of
the OST for testing whether sequences of numbers are random.

Other than being implemented in the study by Doyle and Chen (2013) to test the JSE
All Share Index (ALSI), there are no other known studies where the OST has been used to
test market efficiency on the JSE. However, the JSE ALSI was only briefly tested in their
study alongside 75 other indices from around the world and no analysis or interpretation of
its results was made. In general, the use of stringent RNG tests in testing the EMH has not
received much attention, and detailed analysis of the stock market using such tests seems to
have been largely overlooked in South Africa so far.

2.3 Market efficiency in South Africa

In this section, we discuss past studies on market efficiency pertaining to South Africa. A
summary of tests discussed in this section is included in Table 5 in the “Appendix”. There are
numerous studies providing evidence for and against the EMH and the random walk model
on the JSE (see Affleck-Graves and Money 1975; Hadassin 1976). The studies providing
evidence against the EMH include that of Hadassin (1976), who used Von Neumann serial
correlation and runs tests to determine if the share returns of 30 stocks listed on the JSE
followed a random walk. The runs test analyses the number of upward price movements and
downward price movements that occur in sequence before the opposite price movement or
no price movement occurs. This study found correlation between historical and future price
changes, therefore concluding that the JSE is not efficient and does not support the random
walk model, as this may enable an investor to form a trading strategy by predicting future
stock prices (Hadassin 1976). However, in this particular study a fairly short sample period
was analysed (January 1971-December 1973). It may therefore be subject to time-period
bias and the results may reflect other economic conditions that existed at the time. A later
study tested shares from the gold mining, non-gold mining and industrial categories on the
JSE for independence in price changes, using serial correlation tests and runs tests (Roux and
Gilberston 1976 cited by Strebel 1977)." A high number of observations were found around
the mean which was a result of zero returns being found in many stocks. After testing for inde-
pendence, both tests provided evidence that movements in stock prices may not be entirely
independent; however, as these dependencies were small and not consistent, they may not
allow for an investor to continuously make profitable trades (Roux and Gilberston 1976 cited
by Strebel 1977). The above two studies were reviewed by Strebel (1977) and it was sug-
gested that their results may have been difficult to interpret due to no adjustments being made
for “false” zero returns, which could be a result of thin trading, especially in smaller stocks.

It should be pointed out that many types of runs tests do not look at all of the possible pat-
terns that may exist in stock returns and are limited to picking up autocorrelation; in addition,
if the stock market alternates between positive and negative serial correlation, these effects
may cancel out and cause the market to incorrectly appear efficient (Doyle and Chen 2013).

In their study using the OST, Doyle and Chen (2013) include results for efficiency on the
JSE ALSI, though no analysis of the results was performed. The results suggest that during
the period 1 January 1996 to 21 June 2012, the JSE ALSI displayed signs of non-randomness
for a window length of 2 days, and randomness for the remaining window lengths.

I See Roux and Gilbertson (1978) for more.
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Affleck-Graves and Money (1975) tested the JSE for independence in weekly stock price
changes, using autocorrelation, during the period from April 1968 to September 1973. In
most instances little evidence of autocorrelation was detected; in cases where dependencies
were detected, the evidence was minimal and as a result would probably not be of much
use to an investor in predicting stock movements. The findings of this study suggest that the
JSE is weak form efficient. In Xu and Tsang’s (2007) study, mentioned earlier, in which the
strength of the OST was tested, it is stated that the serial correlation test was only able to fail
one RNG out of the 57 in the RNG library, compared to the 29 rejections by the OST. This
demonstrates how weak some serial correlation tests can be at testing random sequences.

According to Lim (2007), many studies providing evidence in favour of the EMH imple-
mented tests for linear dependencies in stock returns, therefore overlooking the possibility of
non-linear dependencies. In South Africa, studies testing stock returns for dependencies on
the JSE have generally tested for linear serial dependence. However, more recently Kruger et
al. (2012) conducted a study on the JSE testing for nonlinear serial dependence in stock price
changes. For the period January 2002—-December 2009, the study tested 109 shares using
several full period tests and episodic tests, and evidence of linear and nonlinear dependence
was found in stock returns—although this dependence was not observed consistently or reg-
ularly over time. It was thus concluded that, for the sample period, the JSE was for the most
part an efficient market with brief periods of inefficiency (Kruger et al. 2012).2

Using a time varying generalised autoregressive conditional heteroskedasticity (GARCH)
method as a test of evolving efficiency (TEE), Jefferis and Smith (2005) tested the JSE Actu-
aries ALSI for changes in efficiency over time. They found that throughout the period January
1990-June 2001 the JSE exhibited fairly constant weak form efficiency and showed no sign of
changing in this regard. More recently, Bonga-Bonga (2012) applied a time varying GARCH
model to weekly stock returns on the JSE. It was concluded that during the period March
1995-December 2009, the JSE was weak form efficient. The two studies above suggest that
since the 1990s the JSE has been reasonably constant in exhibiting the EMH in its weak form.

Morris et al. (2009) tested the JSE for the existence of long term memory in daily stock
prices on the exchange during the period January 2005 to December 2007. Autoregressive
fractionally integrated moving average (ARFIMA) and wavelet analyses were used to test
share returns of the JSE Top 40 Index and various sectors; each represented by a selection of
shares. The results suggested that share prices have a long term memory and price changes
are correlated over time, providing evidence that the JSE is not efficient, even in its weak
form. The distributional properties of stock returns on the JSE were tested by Mangani (2007)
using the weekly closing prices of 42 stocks from February 1973 to April 2002. He found that
stock returns on the JSE were non-linearly dependent and could be predicted over time. This
may provide evidence against weak form EMH. However, an observation made by Kruger
et al. (2012) was that Mangani (2007) only made use of one of the many available nonlinear
dependency tests, as well as having a fairly small sample size.

Variance ratio tests have also been used to test stock returns for evidence of a random
walk, with the advantage of using such a test being that it can be used even when returns are
not normally distributed (Jefferis and Smith 2004). Smith et al. (2002) used multiple variance
ratio tests to discover whether or not the JSE ALSI follows a random walk. Weekly share
price data was used from January 1990 to August 1998, over which period the JSE ALSI
appears to follow a random walk. In a similar study, but with the addition of time-varying

2 The total number of shares analysed by Kruger et al. (2012) was 109. We analysed 111 shares in this paper.
It is not apparently obvious if the set of shares studied by Kruger, Toerien and MacDonald is a proper subset
of the set of shares studied in this paper.
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GARCH, Jefferis and Smith (2004) suggested that the JSE indices consisting of a majority
of large cap stocks were weak form efficient from April 1996 to March 2001. Smaller cap
indices were generally inefficient and tests of evolving efficiency did not show any indication
that these indices were becoming efficient. The above study suggests several characteristics
that a weak form efficient market is likely to have, including good availability and quality
of information, substantial market size, frequent and continuous trading, and the presence of
large cap and cross-listed stocks.

Previous studies on the JSE have not conformed to the use of a single price interval length,
with some using daily share returns and others using weekly or monthly returns. Kemp and
Reid (1971) suggest that the smaller the interval, the more accurate the results will be, and
ideally data from each transaction could be used; however this information is not always
available or practical to use. Therefore the use of daily closing share price data should be
considered as this is the smallest practically feasible interval to apply. The use of an interval
larger than a day can result in events or movements that have occurred on a specific day being
overlooked. There is also no consensus as to whether use should be made of index data, or
data at an individual share level when conducting tests of market efficiency. According to
Kemp and Reid (1971) price changes observed in an index only provide an indication of the
general trend of the index and may be misleading as to the degree that the individual stock
prices contained in the index fluctuate. An index can hide the existence of zero price changes,
which may remove some of the effects of thin trading but can hide dependencies caused by
genuine zero returns at a single share level.

Thin trading can also be a cause for concern when testing stock exchanges for market
efficiency, as it may lead to an interpretation of results that is misleading (Strebel 1977).
This issue has been neglected by some previous studies on market efficiency and the random
walk model. It is important to take trading activity into account as non-trading days may
produce false zero returns, which can lead to the illusion that dependencies exists between
stock returns when they may actually not (Strebel 1977). In some studies larger time intervals
have been used in an attempt to reduce the impact of thin trading, as there is greater chance
that a specific stock will be traded during the interval (Mlambo et al. 2003). However, this
may conceal pertinent information that could exist at a daily price level. Other studies have
removed zero price changes from their data to curb the issue of thin trading; however, this
may incorrectly remove some zero returns that are not a result of thin trading (Mlambo et
al. 2003). Genuine zero returns could arise even if a stock is traded during the period. The
removal of all zero returns may therefore negatively impact the validity of results.

3 Data and methodology

In this section the data and sample period used in this paper are explained, after which the
full methodology employed is presented.

3.1 Data

The full sample period used in this study is 1 March 2005-31 December 2009. The daily
closing price, dividend payment and daily volume traded data for all shares listed on the JSE
were obtained from McGregor BFA for this period. Shares that were not listed on the JSE
throughout the entire sample period were not included in the analysis and were therefore dis-
carded from the data set.> In the case where shares were suspended during the sample period

3 The number of shares removed from the sample are as follows: 32 Small, 17 Mid, and 6 Large Cap shares.
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the same applies. This may result in survivorship bias as only companies listed throughout
the sample period were considered.

Shares in the sample were sorted according to their market capitalisation values (cap) into
three categories; small, mid and large cap, with large cap being represented by the JSE Top
40 index. The shares in these categories were thus the constituents of the Top 40, Small and
Mid Cap indices. A list of the constituents of each of these indices was obtained from the
JSE quarterly review (Johannesburg Stock Exchange 2013). In addition to the constituents
of these indices being analysed, the daily closing prices of these indices themselves were
examined as well as the JSE ALSI. After removing shares which were suspended or not
present for the full sample period, the remaining sample to be examined consisted of 31
small cap, 44 mid cap and 36 large cap shares; totalling 111 shares.

The sample period was further divided into two periods, a stable period and an unstable
period, split similarly as in the study by Kruger et al. (2012). The stable period contains daily
closing stock prices from 1 March 2005 to 31 July 2007 and the unstable period contains
closing prices from 1 August 2007 to 31 December 2009. The unstable period includes a
period corresponding to the 2008 financial crisis and provides some comparability to identify
any differences in the efficiency of the JSE during this period. It is also advantageous to test
more than one sample period in order to detect whether any time-period bias exists, that is,
to obtain results that are relevant to a specific time period and will not hold over different
sample periods.

3.2 Methodology

The following methodology for the overlapping serial test is adapted from the study conducted
by Doyle and Chen (2013). Major differences include adjustments for thin trading, using
individual share level data and the inclusion of dividend payments.

3.2.1 Thin trading adjustments

This paper uses the thin trading adjustment method proposed by Mlambo et al. (2003), which
adjusts for price age as well as autocorrelation that arises from false zero returns on non-
trading days. This method uses a similar calculation to the method of Atchison et al. (1987)
which equally distributes the return realised at the end of a period of zero-trading over the
thinly traded days. The Atchison et al. (1987) method adjusts for price age without affecting
the number of observations in the time series; however, a major drawback to using this method
is that it does not correct for false autocorrelation that may be present in the time series. The
significant difference between these two methods is that the Mlambo et al. (2003) method
completely removes zero-trade days from the time series and a single return adjustment is
used to represent the change in price over several non-trading days. This corresponds with the
observation made by their study that once-off price adjustments are frequently observed in
thinly-traded shares. These adjustments may be delayed after information becomes available
to the market, possibly due to less investors following these stocks closely compared to larger
stocks, or poorly disseminated information. A potential drawback to this method is that some
prices are removed from the sample as a result of thin trading, and the number of observations
in the time series for each share may therefore differ significantly. The number of observations
in each time series is inversely related to the amount of thin trading observed in the underlying
stock. It should be noted that thinly-traded observations are removed from the time series
on the basis of zero volume traded, rather than zero returns. This ensures that genuine zero
returns, where a trade has taken place, are not incorrectly excluded from the analysis.
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The logarithm of changes in price should be used to take into account the fact that changes
in the price of a security, in monetary terms, are to some extent dependent on the magnitude
of that security’s price (Affleck-Graves and Money 1975). This is done by taking the natural
logarithm of the difference in daily stocks prices, including dividends paid during the period,

as shown in Eq. 1,
P+ D
R,=1n( fus ) M

Py

where P is the closing share price on day ¢,
D; is the dividend received on day ¢, and
P;_1 is the closing price on the previous day of trade,
Taking thin-trading adjustments into account requires the modification of Eq. 1, resulting

in the following equation:
~ 1 P+ D
R = .m(’+’) )
(T+1) Pr_(z41)

where 7 is the number of days in which no trade has occurred,

P:i_(z+1) is the closing price on the last day the share traded before thin trading period,
and

R; is the return for a period of thin trading, with 7 being equal to zero if there was no thin
trading period before calculating the return on day 7, making Eqgs. 1 and 2 identical.

3.2.2 The overlapping serial test

Once the logarithmic returns had been calculated these returns were then transformed into
a sequence of bits by coding returns to either 1s or Os, using the median return to code the
sample into binary. This will result in the number of 1s and Os in the sample being equal
and will make for statistical efficiency in addition to removing heteroskedasticity from the
return series (Doyle and Chen 2013). The assumption that 1 and 0 have an equal probability
of occurring was made as the median was used to recode returns into binary, as shown below.

If§,>m then B, =1
If R, <m then B; =0

where m is the median of logarithmic returns, ﬁ,.

The number of possible permutations, with repetition, was calculated using # = 27, where
h represents the number of permutations and f represents the window length in days. This
provides the total number of ways that the string of bits could be arranged for a given window
length, allowing for the repetition of 1s and Os sequentially. For example, if a window length
of four is chosen, there are h =2 -2 -2 - 2 = 2% = 16 different possible permutations of Is
and Os that may arise in the bit sequence.

Each of the & possible permutations that could occur are determined using a computerised
model. This results in permutations including 0000, 1111, 1000, 1010, 1100, 0011 and so
on until all possibilities are exhausted, for a window length of 4 days. The model then runs
through the time series of bits by shifting the window across all observations and counting
how many times each possible permutation actually occurs within the observed data. This is
done by displacing the window by one observation to the right each time.

The number of times each permutation is expected to occur in the dataset, A, was calculated
using Eq. 3.

N—f+1
o h

A 3
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where N is the number of return observations and N — f + 1 represents the number of
positions that a window of length f can occupy in a time series of a given length, N. A
rule of thumb is suggested by Marsaglia (2005), which states that the expected number of
times that each permutation occurs should be greater than or equal to 10, i.e. A > 10. This
limit on the expected occurrences ensures that hypothesis testing is accurate and that the
distribution of statistics is close enough to the chi-square distribution. The expected number
of occurrences increases as the number of observations in the sample increases and decreases
as window length increases. This will limit the maximum window length that may be used
for a given time series with N observations. This maximum permitted window length may
vary depending on the time series used and after thin trading adjustments the window length
may vary for each share analysed, depending on the extent of thin trading observed.

The psi-square statistic was calculated using the expected number of occurrences of each
permutation, A, and the actual number of occurrences of each permutation, C;, in the time
series of binary. The psi-squared formula is shown below in Eq. (4).

h 2
2 (Ci - A)
=) = = “
v ; -
where C; is the count of the number of times the ith pattern occurs.
The psi-square statistic is an adaptation of the chi-square test, although it is important
to note that this statistic does not follow a chi-square distribution (Good and Gover 1967).
Doyle and Chen (2013) suggest that this is due to the fact that overlapping windows are used
in calculating the test statistic, which cause the counts of patterns to violate the assumption
of independence. The first difference of the psi-square statistics may be used in order to
overcome this issue of distribution, as the first differences of psi-square statistics are asymp-
totically chi-square.

First Difference : le]zc = 1//% - szc,l

However, it is further recommended by Good and Gover (1967) that the second difference of
the psi-squared statistics should be used in testing for randomness, as the first differences are
not independent. This is because the second differences of psi-square statistics approximate
a chi-square distribution and are asymptotically independent, therefore forming superior test
statistics to test for randomness. The formula for the second difference psi-square statistic is
shown in Eq. 5.

Second Difference : Vzl/f]% = VW} — Vw]%_l
VAT =y =297 + Y7, )

with degrees of freedom for the second difference statistic being, df = 2V2.

4 Results and analysis

Prior to the analysis of results, it should be noted that shares which had window lengths
exceeding 5 days were restricted to a length of 5 days to ensure comparability between all
shares and between stable and unstable periods. A window length of 5 days is the maximum
length that could be reached by most shares in the sample. The rule of thumb suggested
by Marsaglia (2005) (see Sect. 3.2.2) where expected occurrences of permutations greater
than or equal to 10 was relaxed to 9.7 to allow the psi-square statistics of two shares, for a
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Table 1 Aggregated share level data over the stable period

Percentage of significant shares at 5 % level* 01/03/2005-31/07/2007
N Window length in days
2 (%) 3 (%) 4 (%) 5 (%)
Small cap 31 51.61 25.81 25.81 16.67
Mid cap 44 45.45 9.09 4.55 9.09
Large cap 36 25.00 5.56 0.00 0.00

N is the number of firms included in each category
*Number of significant shares divided by total number of shares in each category

window length of five, to be calculated. Relaxing this assumption had no material impact on
the results, as these statistics were not significant at a 10 % level.* Univariate statistics and
the full names of companies are presented in Tables 6, 7 and 8 in the “Appendix”.

Thin trading was prevalent among small cap shares with all but three of the shares having
at least one zero-trade day during the full sample period. During the stable period 81 % of
small cap shares had zero-trading days. For small cap stocks 65 % had more than 1 % of their
observations being zero trading days. During the unstable period 87 % of small cap stocks
had zero-trading days, with 77 % of shares experiencing thin trading counting for more than
1 % of observations.

Thin trading was less common in mid cap stocks with 34 % of the shares experiencing
thin trading during the stable period, and only 18 % of mid cap stocks had thin trading which
consisted of more than 1% of observations. During the unstable period 41 % of mid cap
stocks exhibit thin trading with 21 % of mid cap shares having thin trading which consisted
of more than 1 % of observations.

Large cap stocks experienced the least thin trading of the three categories, with 6 % of
shares exhibiting thin trading to some extent, and 3 % of large cap shares having thin trading
contributing to more than 1 % of observations during the stable period. For the unstable period
only 3 % of large cap stocks, which was one share, displayed thin trading and this constituted
13 % of that specific stock’s daily price observations.

It can be seen that thin trading mostly affected small cap stocks during the sample period,
affecting mid cap stocks somewhat less, and had minimal effect on most of the large cap
stocks. Therefore it may be erroneous not to make adjustments for thin trading, considering
that all three categories of shares are affected to some extent.

Tables 1 and 2 aggregate the results of the second difference psi-square statistics for
constituents of the Top 40, Small and Large Cap Indices. These statistics are contained in
Tables 9, 10 and 11 which are included in the “Appendix”. This aggregation is done by
showing the percentage of total shares, from each category, that reject the null hypothesis of
randomness at a 5 % significance level. At this level of significance there is a 5 % probability of
atype I error, which is rejecting a true null hypothesis. The higher the percentage of rejections
for each window length, for a given cap size, would imply that the test is indicating greater
inefficiency in the respective share cap category. This is because rejections for a specific
window length are a result of patterns of that window length occurring more frequently than
others and therefore not adhering to randomness. In addition, if there are many rejections
of shares in a given cap category for several window lengths, this could suggest that these

4 The psi-square statistic could not be calculated for a small cap share despite our relaxation of Marsaglia’s
(2005) assumption (see ticker YRK in Table 8 in the “Appendix”).

@ Springer



Ann Oper Res (2016) 243:273-300 283

Table 2 Aggregated share level data over the unstable period

Percentage of significant shares at 5 % level* 01/08/2007-31/12/2009
N Window length in days
2 (%) 3 (%) 4 (%) 5 (%)
Small cap 31 67.74 48.39 38.71 51.61
Mid cap 44 34.09 13.64 18.18 9.09
Large cap 36 13.89 25.00 8.33 13.89

N is the number of firms included in each category
*Number of significant shares divided by total number of shares in each category

shares may display inefficiencies for different lengths of patterns and therefore may display
some predictability in price changes.

During the stable period for a window length of two, the majority of small cap shares
exhibited signs of inefficiency in stocks returns, with 51.61 % of the small cap constituents
rejecting the null hypothesis at a 5 % significance level (see Table 1). Window lengths of 3
and 4 days both had 25.81 % of the constituents rejecting the null hypothesis. For a window
length of 5 days, a lower amount of small cap shares showed signs of non-randomness in price
movements, this amount is 16.67 %. For mid cap shares, 45.45 % of the constituents displayed
non-random behaviour at a window length of 2 days, rejecting the null hypothesis. For all
other window lengths observed there were substantially fewer rejections. The percentage
of mid cap shares rejecting the null hypothesis for window lengths of 3, 4 and 5 days are
9.09, 4.55 and 9.09 % respectively. As would be expected, large cap stocks in general exhibit
the least amount of non-random behaviour during the stable period, with the majority of
shares failing to reject the null hypothesis that price changes are random. The window length
of 2 days has the most rejections of randomness for large cap shares, with 25 % of shares
displaying non-randomness in the patterns of their returns. A window length of 3 days resulted
in 5.56 % of the shares rejecting randomness. The rest of the window lengths observed for
large cap stocks resulted in 0 % of shares rejecting randomness, indicating a high level of
randomness in price change patterns for window lengths of 4 and 5 days.

The results in Table 1 suggest that during the stable period the window length at which the
most non-random behaviour, in the occurrence of patterns, appears to be at a length of 2 days.
For a window length of 2 days, small, mid and large cap shares are consistent in each having
their highest number of significant shares for this window length. A possible explanation is
that many share price adjustments may take place over 2 days and therefore show a delayed
adjustment in the share price. In this case, it would appear that smaller cap shares take longer,
in days, to fully reflect price adjustments; this may be a result of smaller cap shares having
less news and information available. It is also noticeable that during the stable period, as
window length increases, the number of significant shares decreases for each category, with
an exception being the 5 day window for mid cap shares. However, this is an observation
and does not necessarily suggest that any relationship exists in this regard. Comparing small,
mid and large cap results, it is clear that, in general, small cap stocks display more signs
of inefficiency than do mid and large cap stocks, with mid cap stocks lying between small
and large caps in terms of efficiency. Large cap stocks have the lowest percentage of null
hypothesis rejections at a 5% significance level for all window lengths during the stable
period, suggesting that out of the three categories of stocks large caps are the most efficient.

Table 2 displays the aggregated results for the unstable period. During this period more
than half of the small cap stocks were significant at a 5 % significance level and therefore
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rejected the null hypothesis for a window lengths of 2 and 5 days, where 67.74 and 51.61 % of
shares displayed signs of inefficiencies respectively. Window lengths of 3 and 4 days resulted
in the rejection of randomness for 48.39 and 38.71 % of small cap shares. For mid cap shares
34.09 % did not exhibit randomness in price changes for the window length of 2 days, with
window lengths of 3, 4 and 5 days having 13.64, 18.18 and 9.09 % rejections respectively.
The large cap shares category had a quarter or less of shares rejected at a 5 % level, with the
most rejections, 25 %, occurring for a window length of 3 days. For the unstable period, the
observation made for the stable period—that percentage of rejections decreases as window
length increases—does not hold, except for mid cap shares.

Comparing Tables 1 and 2, it appears that in general, there are more rejections of random-
ness during the period containing the financial crisis, especially for small cap shares which
had more rejections for each observed window length. However, mid and large cap shares
had less rejections for a window length of 2 days in the unstable period than it did in the
stable period. The percentage of thin trading in each share category also increased during the
unstable period for small and mid cap shares but decreased for large caps, as mentioned at
the beginning of this section. This may be due to investors having an increased preference
for shares with greater liquidity during the crisis, than generally found among small and mid
cap shares. There may be more rejections of randomness present in the unstable period as
a result of investors acting irrationally during times of financial instability and crisis. It is
possible that emotion has a greater impact on investors during crisis periods, when greater
downside risk is prevalent. To make any significant conclusions regarding the relationship
between market efficiency and the financial crisis, further testing would be required. During
both periods small cap shares were consistently less efficient than mid cap and large cap
shares. This suggests that small cap stocks are less efficient than their larger counterparts
and therefore there may be some predictability in these stocks, especially during the unstable
period. It can also be noted that the most randomness for small cap stocks was detected by
a pattern length of 2 days. In order to develop a trading strategy that attempts to exploit any
dependencies in small cap shares, it would need to be determined which specific patterns
occur more frequently than others for each window length for which strong non-randomness
is detected.

The total second difference psi-square statistics can be found in Tables 9, 10 and 11 in
the “Appendix”, along with their respective degrees of freedom. Following methods used by
Doyle and Chen (2013), these total statistics are calculated using the additive property of the
chi-square distribution, and give an indication as to the overall significance of each window
length (or pattern length) within each market capitalisation category.

Tables 3 and 4 display the second difference psi-square statistics for Small, Mid and Large
Cap as well as All Share (ALSI) indices for window lengths of 2—5 days. As such, this section
of the analysis was conducted using index level data and not the constituent shares as done
with the previous analysis in this study.

In Table 3, it can be seen that for the stable period the second difference psi-square statistic
for the Small Cap Index is significant at a 1 % significance level for a window length of 2
days; the statistic being 14.69. Window lengths of three, four and five were not significant at
a5 % level. The Mid Cap Index only rejected the null hypothesis at a 5 % level for a window
length of 2 days, with the statistic being 5.6. These significant statistics imply that there is
evidence of non-random price movements in the Small Cap Index and to a lesser extent in the
Mid Cap Index. The Large Cap and ALSI Indices both reject the null hypothesis for a window
length of 4 days, with the Large Cap Index rejecting at a 5 % level and ALSI rejecting at a
10 % level. It may be expected that the ALSI and Large Cap Indices display similar results
due to the high levels of concentration on the JSE, where large cap companies constitute the
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Table 3 Results for indices over the stable period

Second difference Psi-square statistics 01/03/2005-31/07/2007
Index Index code N Window length in days (degrees of freedom)

2 3 4 5

Df =) @ ) ®)
Small cap J202 603 14,6975 1.41 5.22 6.41
Mid cap J201 603 5.60%* 0.82 2.95 10.30
Large cap J200 603 0.96 1.63 10.827% 7.80
ALSI J203 603 0.24 4.13 8.24%* 8.87

Significance level: *** 1 %; **5 %; * 10 %

Table 4 Results for indices over the unstable period

Second difference Psi-square statistics 01/08/2007-31/12/2009
Index Index code N Window length in days (degrees of freedom)

2 3 4 5

Df =(1) (@) (C)) ®)
Small cap 1202 604 25.92%#:% 8.15%* 11.11%* 2577k
Mid cap 1201 604 9.84%** 0.65 2.51 423
Large cap J200 604 0.60 2.75 4.62 3.25
ALSI 1203 604 0.38 1.45 7.85% 3.74

Significance level: *** 1 %; **5 %; * 10 %

majority of the ALSI’s market capitalisation value. This results in a higher weighting being
assigned to large cap shares in the ALSI Index, therefore having significant influence over
its price movements relative to Small Cap stocks.

In Table 4 it can be seen that the test statistics for the Small Cap Index are all significant
at a 5 % level for all window lengths observed during the unstable period, showing that the
Small Cap Index displays signs of inefficiencies for these windows. The Mid Cap Index again
only displays significant evidence for non-random price changes for a window length of 2
days, however this time significant at a 1 % level. For the Large Cap Index all statistics for the
window lengths observed do not reject the null hypothesis and therefore suggest efficiency and
random price changes for this index over the unstable period. The ALSI rejects randomness
for a window length of 4 days at a 10 % level.

After observing results at a share level as well as an index level, several inferences may
be made. Firstly, in every analysis conducted in this study, smaller cap stocks exhibit the
strongest and most consistent evidence against the null hypothesis of random stock price
movements. This provides evidence against weak form efficiency in small cap stocks and
the Small Cap Index. Common attributes of small cap stocks, such as the large extent of thin
trading and illiquidity, may provide indications of inefficiency. Secondly, large cap stocks
and the Large Cap Index in general appear to be mostly efficient, with the majority of results
proving alack of evidence to support major dependencies in stock price movements. However,
there were some constituent shares of the Large Cap Index that displayed non-random price
behaviour and possible predictability, though these were few. Efficiency may be share specific
or possibly a generalisation about a small group of shares that are similar in terms of some
characteristics. However, to make a statement that an exchange or an all share index as a
whole is efficient without observing share level data and smaller indices is perhaps too bold
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a statement to make. This is also due to the fact that large cap shares tend to dominate the
All Share Index and may therefore veil possible inefficiencies of smaller stocks.

5 Conclusions

After using a stringent random number generator test to assess the efficiency of the JSE,
evidence is mixed as to whether the exchange is efficient or not. At an individual share level
it is found that the majority of small cap stocks present signs of non-randomness in price
movements, and the majority of large cap stocks failing to reject randomness. Mid and large
cap stocks appear to be more efficient than small caps, with efficiency seeming to be posi-
tively related to cap size. These findings are in agreement with the results obtained for the
associated indices, tested using index level data. In general many stocks on the JSE appeared
to present more evidence against efficiency during the period containing the financial crisis,
when compared to the stable period. A possible explanation is that investors may behave
more irrationally and be influenced by emotion during in times of increased uncertainty. The
results also suggest that market efficiency may be a phenomenon which is isolated to specific
stocks or groups of stocks with some similar attributes on the JSE. It may not be accurate to
generalise about the efficiency of a stock exchange as a whole, especially on concentrated
markets, such as the JSE.

Future studies could potentially use longer sample periods to enable the observation of
larger window lengths and therefore longer patterns of possible dependencies. However,
there is a trade-off between a large sample size and the ability to detect period specific
characteristics. If too large a sample is used it may include multiple structural breaks or
economic changes, and as such the results may not be a true reflection of the distribution
of returns during the period, especially if returns are distributed differently during differ-
ent periods. Other possible research could investigate which patterns of share returns occur
more frequently for certain categories of stocks and develop trading strategies based on these
findings.

Appendix

See Tables 5, 6,7, 8,9, 10 and 11.

Table 5 Summary of tests of market efficiency on the Johannesburg Stock Exchange

Authors (year) Tests for market efficiency on the JSE
Affleck-Graves and Money (1975) Autocorrelation

Hadassin (1976) Von Neumann serial correlation and runs tests
Roux and Gilberston (1976) cited by Strebel (1977) Serial correlation and runs tests

Smith et al. (2002) Variance ratio tests

Jefferis and Smith (2004) Variance ratio tests and time-varying GARCH
Jefferis and Smith (2005) GARCH method as a test of evolving efficiency
Mangani (2007) Tests for normality and linearity

Morris et al. (2009) ARFIMA and wavelet analysis

Kruger et al. (2012) Nonlinear serial dependence

Bonga-Bonga (2012) Time varying GARCH

Doyle and Chen (2013) Overlapping Serial Test

@ Springer



287

Ann Oper Res (2016) 243:273-300

0s0L'S 9L0L'0 68100 6L0I'0— OCII'0 60000 6L60°0C r9€'0 12200 6081°0— S881°'0 OO0 Py sentedoiq wnruwaig ININD
9Cs’S €EIy'0  €L20°0 LLTI'0— L60T0 S000°0— £6EC0— L9890 L810°0 €S90°0— 8860°0 TEO0'0 NI s3up[oH dutidarog dOd
LIT¥0 L98¢€°0  69¢0°0 9¥€l'0— 000C°0 0000 §669°0— 91060 €L1I00 ¥¥90°0— <800 LIOOO Py utuneg pLad
96980 76¥0'0— 90€0'0 6¥¥I'0— O0TPI'0 11000 €126’l CIY1'0 CTIE0'0 L991°0— 08¥1°'0 STOO'0 P70 SutuIy eroqered NVd
EV8L'LT 69S1'C  €0C0'0 TITI'0— 990C°0 <0000 65CS’S LTIV 0—6¥I0°0 6C80°0— <TOLO'0 610070 PYT 3S9AUT 99p0IdQ 100
875609 €068°¢  €S¥0'0 09S€°0— LSS0 11000 9S80°ILIT S9¥9°CI 1920°0 0810°0— I91¥'0 $200°0 PV SIUSUNSIAU] IRV VLN
I1LT0—  88T€'0— 91¥0°0 80€C0— SISI'0 60000 0csy' 11— 8ELT0 9S00 T60I'0— L8OI'0O SI00°0 PYT SIOINOSIY eI JIN
6101°1 L6650 €5€0°0 €LTI'0— 9081°0 80000 6£C9'6 [L0S°0—0LS0'0 09S¥'0— 8SIE0 9¥00°0 YT SBUIP[OH A[YONSIN TAN
L96€°6ET  TCYT'8 8800 €691°0— OLLYF'O 90000 6C6L'1 98¢€1'0—6110°0 €190°0— #1900 S000°0 PYT BIPON OSIe3] JAE9):
8LIO'T—  TS8CO0  68I0°0 C090°0— L8900 9000°0 9eTr's SSIT'0 98I0°0 9L60°0— I80I'0 9100°0 PY'T SSUIP[OH IdIAU] LAI
1608°C 08¢y'I 1,200 8S80°0— 8CSI'0 1€00°0 6S91°vC 0€S9°C 1120°0 LOOI'0— TIIT0 62000  PYTSSPIH EOLYY USPMOH NMH
SOEY'T1 086C°1  €810°0 S080°0— SISI'O <2000°0 €998°1 §9C6'0 LEIO0 S9¥0°0— 6£80°0 9100°0 Py sarnsnpuf 0depnH OdH
L600'C— 86100 0SC0'0 0L60°0— 86600 +000°0— £056'0— €8¢1°0 €LI0°0 8CLO'0O— LLLO'O 9200°0 P17 2ALq dnorn J45
1289°¢ 86C€'0 61200 19CI'0— 99¢1'0 60000 181 SSLY'0 OLIO'0 LS80'0— O9¥IT'0 LIOOO Py spuelg snowreq q4g4d
€L9L°6 SLOT'C  S910°0 €£90°0— O0rcI'0 L0000 (4315 00 G 889%°0 vCI0'0 ¢SYO'0— [I8¥0°0 910070 YT s3uIp[oH yog HOA
9981°0—  LI9¥'0 0CVO'0 $9CC’0— LOLI'O 11000 128¥°0— L89¥'0 €8¢€0°0 08¥1'0— 0£61°0 $000°0 P¥TPIOO PIA aada
ELIST €9LY'0  €120°0 €760°0— S901°0 6000°0 SILI'C 2961°0—€910°0  C20I'0— 0IL0°0 +100°0 PYTpIInqysed as0
68S6'Y 86CS°0— €200 99S1°0— [ILEI'O LIOO0— LTY0'6 96681 L910°0 L080'0— +TTI'0 12000 PY1SSPIH 1010\ poulquio) HIND
PP8S°1—  8961°0 TFIO'0 TFSO'0O— 9870°0 €000°0 8691°1 Or'0 CI10°'0 8L¥0'0— #8900 €100°0 P S[9I0H 25poT A1) HID
9¢IC1 9I81'0  0€C0'0 9811'0— vEIT'0 11000 LEST'8 S6IT°T 8920°0 SIFI'0O— TO8I'0 LEOO'0  N-pyTdioD Auf suojswitig N¥d
€C99°0Fy  9ev0'6l  LTIT'O 99¥L'0— 96SS°C €100°0 98¢Se 16¢8°0 90C0°0 9911°0— ¥SCTI'0 0¥00°0 py1uowdmby jog 144
LOOL0 CLLTO #8100 C€90°0— <CIT'0 00000 1010°0 Ieve’0 Tri0’0 SIS0'0— 0SL00 ST100°0 PYTSpood [ensy gt A4
60¢t'Cl 61CS'l  €¥C0'0 60CI'0— 8YCC'0 80000 S90¥0— 80L1°0 SEI0'0 08¥0°0— <T990°0 8000°0 PYT SQI50[0UYdIY, PAI[IY IV
S 4 GSL9°0  SIL0'0 80LI'0O— 691CT°0 L0000 S66S1— S19¢'0 8¥10°0 98¥0°0— 9090°0 L0000 poNwIT LUS)y qdv
435! 9CCT0— 0€20°0 6861°0— II€I'0 <C000°0— 861°¢ 8L6€°0 IS10°0 TTLO'O— L0600 #1000  panwrys3urpjoy dioopy qav
¥088°1 690€'0— S0C0'0 €SI1°0— T101°0 L0000 440! €98¢°0 ¥PCO'0 SSEI'0—  S901°0 9200°0 PYT Y99ApY Hav
SISOMNY| SI1SoYINy|
SSOOXH  SSQUMYS as 5197 Xe]N  UBQA SSOOXF  SSOUMAYS as U Xe]N  UBSA

(6002/T1/1€-L00T/80/10) porrad o[qeisun)

(L00T/LO/TE-S00T/€0/10) potiad dqels swreu Auedwo) 103N Kuedwo)

soxeys deo [[ews Jo sONSIE)S ABLIAIU() 9 J[GE],

pringer

Qs



Ann Oper Res (2016) 243:273-300

288

a06°Sy 99CI'v— TCe0'0 8L6E0— 0SCTI'0  CT00'0— 6¥19°81 T066'T— O¥P0'0  €6¥€°0— LPSI'0  0SO0'0  PYT SSUIP[OH JOQUILL, YI0X A
Y619 186C°0— vLIOO 90CI'0— S601°0 80000 ¢€6£0°€ €LIS'0 L8000 ¥S¥0'0— 9S¥0°0 L0000 pung Auadoig wookg DAS
T69L0 I8CL'0 00200 8090°0— 96I1°0 90000 O0I¥C0 ¢S1€'0 ¥S10°0  L090°0— <0800 €100°0 pr1 uonerodio) mdg dns
90SL1T S6LTC— SS¥0'0  S88Y'0— TEBI'0  SE00°0— 0969°S SISI'T ILI00 L9LO0— LvEI'O0 20000 pr1 dnor radng DdS
6¥L6'6 [L09°T  91€0'0 80€I'0— SPLT'O SO000 €0LI0 €768°0 85700 [LLO0O— OIYI'0 $€00°0  PYISSPIH Yo d[oruuld ONd
SISOMNY| SISOLINY]
SSOOXH  SSOUMIYS as urn Xe[N  UBOIA SSOOXF ~ SSQUMIYS as U Xe]N  UBA
(600T/T1/1€-L00T/80/10) potiad d[qeisupy (L00T/L0/T€-S00T/€0/10) poriad d[qers oweu Kuedwo)y  1oyon Auedwo)

panunuod 9 Jqe],

pringer

as



289

Ann Oper Res (2016) 243:273-300

LITHT—  SPP0'0— LOTO'0 9S80°0— 9LLO'0 00000  TSSET— €62C°0 0100 I1¥S0°0— 8090°0 9000°0 P11 yedureN MdN
80€LY PLP8'0— TPE0'0  TSITO— 6ILT°0 90000  T191S°0— 60€1°0 66100 SI60°0— 01800 62000  PYTWnune[d WeyoN WHN
S6T81—  TS6I'0 90€0°0 1001°0— €¥CI'0 10000— +EIT°0 90£0°0— 0810°0 OFIT'0— 6090°0 82000 SSPIH S1qOy 23 Aermiy AN
SE68'T—  908¢°0 SITO'0 0090°0— 61600 80000  8099°1— 1661°0— 0910°0  0690°0— 89%0°0 81000 pr1 dnoip 20ud IN JdIN
00ST'T—  9€60°0— LOTO'0 +00T°0— 69L0°0 +000°0  TE9T'0 TL9T°0 €100 0£L0°0— LS90°0 8000°0  PNWIT SSUIPIOH WA NN
8650°ST 9507 8TH0'0 0SST'0— 1L8%°0 €000°0— OLSY €€ 7880°¢ 8IT0'0 9890°0— €S9T°0 LTO00 dd urwuo| NOT
090L'91 8C6T'T LTTO'0 S8LOO— SITTO0 60000  9891°S 19€T°T  +010°0  Tv€0°0— +6L0°0 01000 Py SSUIP[OH A1aqr] HA'1
096L 'Y 99770 TL£0°0 T18€T0— €€81°0 €1000  9S9¥"0— 9GLT'0— SLTO'0 T1080°0— T8LO'0 S000°0 P¥ISSpIH [etnsnpuy desy dvi
LSSS'T—  OV6E0 L9TO'0 €9L0°0— +SIT'0 2000'0— SSHOT— S6ST1°0— 9910°0  0L90°0— T1€90°0 S000°0 py1 dnoip pr odar
0909'T—  0LZTO 8IT00 €890°0— 6S60°0 60000  T99L0— §9TS°0  LSTO'0 T1090°0— 6080°0 L1000 PyT 1e3nS OAOTI ATI
SI1L0 8¢70°0 SYI00 0£90°0— OYLO'0 +0000  S8YO'L LT8T0 SEI0°0 0T80°0— €I80°0 €100°0 pr71 Auy doxdAyg dAH
TLSS €T 00€0°T 19200 9I161°0— SEITO 80000  €SIH'T 99Z0°'T  0020°0  6SL0°0— 9901°0 STO0'0 PYT AU SUOD) USYSOH IDH
0L¥S0 60870 ¥9¢€0°0 LSST'0— TICT0 £0000  8S0TT— 8861°0 0LT0'0 0T80°0— 8901°0 ST000 P11 0D wH Kuourrey IvH
$€8S0—  $990°0 SLTOO FITT'0— OISI'0 10000  +69T°1 €8TL°0 T1€10°0 €FSO'0— SS80'0 L1000 P¥1 poIpuLin ano
97TS’0—  STIS'0—1910°0 €650°0— 9¥90°0 #0000  0LOE0O— #600°0— 9210°0  THSO'0— 98S0°0  6000°0 IsniL, doid pedyurejuno, I1dd
S9€0°0—  ¥SS0'0— LSTO'0 T9ET'0— LOOI'0 €000°0— €580~ S60T°0 ILI00 +ILO'0— 1T90°0 LTOO0 Py o9EIRQq oLd
TT90°1 €180°0— 6£10°0  60L0°0— 9%90°0 80000  ¥£66°0 8881°0 9¥10°0 8€L00— LILO'O T100°0 puny Kiradoid rede) gre)
19€T'C—  TPEE'O0 €0T0°0 L690°0— #6L0°0 €1000  €S9L°0— $091°0— 19100 L190°0— T890°0 11000 P11 dnon sydID g}
8PP6 T—  0£90°0— SLTO'0  $TOI'0— SS60°0 T11000— 9TEEPET 1680°8— L1T0'0 8L9€°0— $990°0 80000 PY1 pHOMOLIEY mvd
8668°0—  01S9°0 8810°0 9650°0— L8800 10000  TST9T— T1€T0  SPI00  06£0°0— 9900 #1000 g Jrerg vd
S180°0¢€ 1166'T 1200 SSST'0— 108T°0 L0000  TTLI'T— 20970~ LET00  6290°0— TESO'0 0000 PITIAY IAV
6069'T €997°0 TETO'0 86IT°0— LOST'O +0000— +E89'T L98T0— $E10°0  $690°0— T8S0'0 61000 Jo1d 10D 991 parVy dNIV
L6ET'T 08L8°0 +LTO0 ¥9T1°0— TLST'0 €0000— €T0T°0 78670 €810°0 1690°0— 9€60°0 61000  dI0D sorwonod[g pary NIV
LL8Y'T Th09°0— ¥810°0  LSTT'0— 6£80°0 S0000— ¥ITTO 20290 81100 T9Y0'0— 9LSO'0 60000 PNWIT USAXQ UBdLYY XAV
96TL'T 6S¥S’0 L8100 9€80°0— TLOT'O T1000°0— LE9T'T 02290 T1€10°0  €0S0°0— SS60°0 TI00°0 paNwIIT 199y EEAY
S6TET—  TSET'0 €0€0°0 66¥1°0— 9LET'0 TO00'0 0988 1— TISTO0 69100 +9S0°0— TILO'0 92000 panwry dnoip Suoay oav
6620°¢ 61€P'0— 60€0°0  TSTTO— T8TI'0 S0000  66TL1— $L€0°0  LLIOO LTI90'0— L¥80°0 €I00°0 PNWI] ES [ENIWIO[RIIY OV
680€CT—  €EPI'0 8STO'0 T880'0— S060°0 S000'0  TTEST— LTOT'0  LLTOO L6¥0'0— SI90°0 €100°0 PIT AUJ Yueq UBOLY 1av
meOﬁSM mMmOtSM
SSAOXH  SSQUMINS as UIA XN UBIIN SSAOXH  SSQUMIS as U XN UBIIN

(6002/21/1€-L00T/80/10) pored dqeisun (L00T/LO/TE-S00T/€0/10) porrad d[qers Sweu Kuedwo)  1axjon Kuedwo)

soreys ded pIur Jo sonsne)s ABLIRATU)  / J[qEL,

pringer

Qs



Ann Oper Res (2016) 243:273-300

290

P8SY I—  LOYI'0  8ITO'0 SPLO'0— TTOI'0 SO00'0  9ILY'I €0¥S’0 8E10°0 THSO'0— €¥80°0 TTOO'O PYIOAQ-WIH A[Keg uos[ip oam
1109°€1 I7€8°0— 8TC0'0 LYOTO— 8LET'0 TO00'0— €9LI°L $28L°0 SLIOO TIOT'0— 9L01°0 910070 P17 100ua1], HIL
8SYS'Y 7009°0— €810°0 LEVI'0— S8LO'0 ¥000°0  9THT'8II 90T’ L—SLI0'0 +88C°0— 8CLO'0 0100°0 P11 WoINH Jeesuoy, NOL
SPSSI—  098¢0  $CCO'0 TLY9O'0— THOI'0 ¥000°0  €0TY'T— TSLO'0—8910°0 0190°0— #0S0'0 01000  Iwrg dnoi urgosoq oy, DAL
8L£9°0—  68S0°0 86100 ¥6L0°0— 18L0°0 +000°0— 0COL'I— 1€LT°0 S€10°0 8CSO'0— S8S0°0 SI00°0 Py [euonewIdiU] uUng 1ns
60S6°0 PPer0  $910°0 0SLO'0— €€80°0 90000  #¥6L'TI 86¢0°0—CCI00 TS60°0— 9860°0 8000°0 pojiuy wejueg INS
019691 SLY9'T— 8800 #66£0— TLLI'0 6000°0— 8SLO0— 0S6T°0 88100 6¥60°0— T0O80'0 8000°0 pr1 1ddeg dvs
£00€'L 6C79'0— 6S10°0 60€1°0— #9600 00000  TTH'0— LYTI'0 T910°0 6TLO'0— TLY0'0 L0000  Ppung aweisg [eay dio) g JVS
ELY6'T—  LPPI'0  6£C0°0 L8LO'0O— ¥¥80°0 10000  8€T9'1— €901°0—8CI0°0 $8S0°0— 9¢¥0°0 €100°0 PIT MouUny oTd
(443001 $990°0  6¥10°0 L080'0— I¥LO'0 €000°0  TTSEO 80ST0—¥EI0°0 0950°0— 9890°0 S100°0 P11 senuadoid duyapay day¥
LESL'O °8¥CT0  TOTO'0 S980°0— 18800 €000°0  S6SOEIL 9CL6'9 1610°0 €180°0— €€1€'0 L1000 PYT USYOIYD moqurey Mgy
SSI9'T— L8910  TSTO'O 9ITI'0— 9¥80°0 TOO0'0  SILTTHI $€60°0T STT0'0 0920°0— 9LLI'0 T100°0 partwry odg Jdd
08SL°0—  09LS0 90200 9090°0— 8SOI'0 L0000  COOS'I— 0L¥0°0 6¥710°0 T8SO'0— L690°0 6000°0 P17 se101g Aed N Id Ald
[44 %4 66Y°0  TCT00 6¥60°0— 6€€1°0 TOO0'0 09081 6€7S°0—8€10°0 STB0'0— 8SSO'0 8000°0 Py SSUIP[OH eruw(Q NINO
SecT9 9OITT L6100 0€60°0— OFPI'0 SI000  8199°0— ¥9CC°0 8CI00 €#¥0°0— +L¥0°0 L0000 P11 dnoi eueady 400
€LY T—  6991°0 12200 0T80'0— S¥80'0 SO00'0  0008°0— 6CF1°0 €L1I0°0 +¥L90°0— +880°0 L1000 PN 9TedoN JIN
SISO
SISOJINY] SSAOXF  SSAUMYS as urpy XeJN  UBSJA SSQOXY  SSAUMINS as urpy XeJN  UBQJA

(6002/T1/1€-L00T/80/10) poriad d[qesupy

(LO0T/LO/TE-S00T/€0/10) poLiad d[qers

suwreu Auedwo) I1oyon Auedwo)

panunuod

LIIqBL

pringer

Ns



291

Ann Oper Res (2016) 243:273-300

€6LL'T— O9SLI'0  S8C0'0 6€0I'0— 6860°0 ¥000°0 €90¥'Cc—  C9IT°0— €610°0 L890°0— L¥90°0 0100°0 P SSPIH U] Joyuralg AHS
0686 1— L0O6C0  ¥¥CO'0 T€60°0— SO0I°0 SO00°0 9vce’'l—  ITy1I'0  CTLI0'0 9290°0— 96L0°0 0100°0 pyT dnoip yuegq prepuelg A4S
LTS T— T1€0€°0  LOTO'0 STLO'O— 6£60°0 900070 78¢€°0 1619°0 0€I0°0 1,£0°0— 6880°0 CI00°0 Jld e[iwuqes avs
[876'1— 99S1'0  €920°0 0L0I'0— 00010 €000°0 ¥¢e6’1—  0LLO'0 88100 €1L0°0— 8I80°0 11000 PYT SBUIp[OH quiy HINY
SYLTTIT 9LTTEI— 1T€0°0 LEVI'0— €¥60°0 1000°0— LI9L0 06CT°0  CTEI0'0 SLLO'O— 8ELO'0 €100°0 Py o15woy INFY
6969°0— €CI1'0  TC0'0 S6E1°0— STPI'0 €000°0— SLYL'0—  9SCC0— ¢r10°0 TI1L0°0— S8S0'0 8000°0 Jld [BMNA PIO TNO
PSEST— 0CLO'0 9S00 €101'0— €160°0 €100°0 6¥91'C— 00000 €610°0 ¥690°0— 90L0°0 9100°0 -N- prT s1odseN NdN
86¢C'I— S6LC°0  TPc0'0 CI60°0— CLIT'O ¥000°0 9T C—  LSO0'0— 09100 I¥SO'0— S¥SO0 0100°0 P11 dnoig yueqpoN daN
[€8€°0— 96190 01€0°0 8¥II'0— IvLI'0 8000°0 6€£€0'C—  L91T0 11200 88S0'0— ¢£0I'0 S100°0 py1 dnoin mpy NLIN
CSL6'0— €0¥S'0  912C0°0 8L90°0— T0CI'0 SO00°0 6VL6'0—  8CLO'0— CTLIO0 ¥S80°0— €£L0°0 CI00°0 P SSUIP[OH MEWSSEIN INSIN
rr'0— ¥86€0  €L1I0°0 ¢S90°0— 6180°0 +#000°0 LSTE0 869L°0 0CTI0'0 SO¥0'0— €090°0 0000 PYT TeUIU] OTUIIIPIN DA
CLOTT— S8YC0— 0SCO'0 ¥911°0— L0800 OI000— Y€0CT’1—  6C10°0 STI00 8¢90°0— 16¥0°0 L0000 d|d senedord muy NLI
9909°¢ 1S19°0— 6920°0 9CIT0— LEOI'0 2O00'0— LyLT'T—  SPLT'0— S910°0 8290°0— <L90°0 LOOO0 P17 s3urpjoy [ereduy 1dI
[€0I'T— €TPbe'0  €6C0°0 8001'0— ¥8EI'0 CO00'0— 80CI°0 €1€C0  1S10°0 €8L0°0— LLLOO 9100°0 P d91saAU] “INI
8Y8TT— 19¥€°0— €P€0'0 ThrI'0— SP60°0 8000°0 €0LTTL  €96S°S L8100 61¥0°0— €¥LT0 CCO0'0 Py SSIH wnune[d ereduy dINI
619L°1 866¢°0  LYIO0 €C90°0— S680°0 €000°0 EL8Y' Y 61€S°0  €110°0 9¢S0°0— €060°0 1100°0 py1 doig yurodyimorny LIdD
PITE0  0SLY'O  €9€0°0 00¥I°'0— 1S0T'0 S000°0 9TreT—  T690°0— CTSTO'0 1260°0— €060°0 C100°0 PYT SPIPH PIOD 45
1€10°C— 69000  §ST0°0 8601°0— 9901°0 T1000°0 L9L0T— 99100 9810°0 8990°0— S$680°0 1100°0 p¥T puensitg qsd
CIE8'0  CS80'0  €CE0'0 €SLI'0O— ¢981°0 €100°0 8CI890C 0LOTTI—LEEO'0 €9€9°0— 00L0°0 CTI00°0 PIT S90IN0SIY OTeXXy XXd
CIP8'1— CIYC0 01200 T090°0— L£60'0 SO00°0 YLL6'O—  08ST'0 8ST0°0 €9L0°0— 6090°0 80000 PyT £10A0081( ASd
€8CL'SS  9¢eey— 09200 88S€0— $990°0 ¥000°0— 0906°1 $80€°0— 0ST0°0 LEOT'0— 1€90°0 9100°0  Iuowaydry urq oruseduwo) dd40
€CITI— €VIT'0 91200 9€60°0— 810I'0 C000°0 ayI'l—  1860°0— S¥10°0 €590°0— LT90°0 €100°0 Py13soAplg LAd
€ovc’0— 0€9S°0  TEE0'0 THOI'0— SLBI'0 60000 98YSC—  €CLI'0— €810°0 9990°0— #990°0 L1000 old uonrig dyg 1d
9YLOC— PCLTO  I¥CO'0 LELO'O— 8€01'0 +¥000°0 1090°0 786€°0  0910°0 ¢S90°0— §S60°0 1100°0 pr1 d1p eowyy skepreg vDd
£689°1 12680 I¥20°0 T960°0— 8SCTI'0 €200°0 8690°S LTY0'T  L¥200 9C60°0— 0T91°0 82000 Py 21088y dsv
SSLY'0— T86C0— SSE0'0 99L1'0— <COCI'0 CI00°0 966L'0— 90010 #1200 6S0T°0— 8L80°0 92000 PIT UL moquiey UedLjy v
GC98'I— CIY0'0  €920°0 CC60'0— ¢660°0 L1000 0SSTT—  TELI'0 SLIO'0 8LLO'0O— 80LO'0 60000 P¥1SSpPIH d1eoeuLreyq uadsy NdV
LYO¥r'0— 98CS0  vEE00 LyIT'0— L68T°0 9000°0 COSL'T—  0L60°0 86100 TILO'0— 1€80°0 8000°0 P11 nueysy ploso[duy DNV
10C0'C— €T8C0— €00 6SEI'0— 00CI'0 S000°0 LT98'I—  T910°0 9€C0°0 9780°0— €£€C60°0 LT0O0'0 pYT ield UBdLLWY O[Suy SNV
SI9T'I— L6CI'0  ¥9€0°0 COST'0— 96£1°0 €000°0 SSP0'C—  88¢0°0 LLIOO 18S0°0— I+¥L00 8100°0 od ueoLLWY o[Suy 1OV
SISOYINY] SSOOXH SSOUMAYS as up XeJN UBQJA SISOMNY] SSAOXH SSOUMOYS as uwp XeJ  UBQA

(600T/T1/1€-L00T/80/10) potrad d[qeisun

(LO0T/L0O/T€-S00T/€0/10) poLiad d[qers

Jwreu Auedwo) I1oyon Auedwo)

soreys deo o31e[ JO SOT)STIR)S QJRILIBATU() § I[qEL

pringer

Qs



Ann Oper Res (2016) 243:273-300

292

S96L1— 1S9C°0  2TOTO'0 1€90°0— €¥80°0 €000°0 €V61'CT—  0820°0— 6S10°0 LISO'0— T6SO'0 TIOO'0 PVISSUIP[OH SYMOM[OOM THM
€690'I— TI€e’0  9¥C0'0 vOIT'0— S601°0 8000°0 PeeS I—  1¥S0°0 98100 9L90°0— €160°0 SI100°0 PyTIu] sypIomniy, NIdL
00LE'TT  6VITT— L6100 ¥061°0— +6L0°0 <C000°0 L16€°0— 1001°'0  €¥10°0 +090°0— 0¥90°0 11000 Py spuerq 19317, sdL
SS8¥'I— 9¥ee’0  ¥8C0'0 8¥60°0— 9TII'0 80000 LO06T T—  C9CI'0— 10200 1080°0— S$9L0°0 €100°0 pajwtg [oseg 108
SCI0'I— 11€€0 1220°0 +¥S80°0— 88I1°0 +000°0 6877’ 1—  1680°0— 6S10°0 C€80°0— <¢8SO'0 110070 pojuury wejues WIS
61€EC— 6LCC0  ¥1T0°0 TLSO'0— 9001°0 9100°0 ¥L06°0 L8YE0  €910°0 6C80°0— S€60°0 S100°0 P11 s3utpjoy dudoys dHS
SISOMINY] SSOOXH  SSOUMAIYS as Uy XB]N UBQJA SISOMMY SSOOXFH SSOUMINS as urn Xe]N  UBIIN
(600T/T1/1€-L00T/80/10) Potad d[qeisun) (L00T/LO/T€-500T/€0/10) Potad d[qelg oweu Kuedwo)  1oyon Auedwo)

panunuod  § Jqe],

pringer

Ns



293

Ann Oper Res (2016) 243:273-300

%010V #xxE0 V] #xxL0CL sk [87€T 09 9¢°6 #5x S8 LT #x L0 81 #%%79°9 1444 VLN
101 19°C LT #5P0'Y 09 #3558 VE w3:LS°9C 1c¢ #xLE°C €09 JIN
#%x%£9°CC (1Y %60'9 €6'1 7S¢ 99°¢ LY'¢ 91'0— LO'T 6LS TAN
Plyad! w358V 81 e8¢ #45CC €l 0€s 116 #9081 1484 #5:x51°6 S4Y INOA
%G8°€T #xxE1°9C €r'e ey 0gs #3%05°9C 9y w5 LSCT #5179 0cs LAI
9L'T1 1¢°¢ LL'E #x:CV'9 SI¢ w3 C 11T LO9 s [€7T1 %90°¢ 9LE NMH
#5xVE 9L %C8'L #LE'S #5x8G°01 168 «LTS1 6°S #:x09°01 #5959 9LS OdH
oL 1T 1€°9 8I'L *18'C 09 08'S I'e =LL'Y #x:8 €1 €09 44D
6LC #5911 LS'¢ 00— 8¢ #VLY1 #%86°01 ¥8'C #1T°¢ 665 qgd
s [€9S #:%00°8€ #:4089E #5x9€ CT 6€S s [ 1°8C s [L'LT 43 SL'CT #5xEE 9T 61S HOA
61°'S LT STl #x0€°C 09 76T 8¢ 80°L 0T 209 aaa
#3307 0C 8¢S %€0°'S s LS 89¢ NS 91°¢ 9L’e #5:50°6 L8S dso
#%x%L0°€8 #5xSE 9P #%xC9°0€ #%:00°6€ L4 *LE°CT €69 %68'8 #x5:0C LT LTS HIND
69'Y LO0— 8I'C 8¢'T €09 9T'¢ 0’0 Sy'e #VT'€ €09 HTD
2001 %65'8 x0T V1 0Lt SLY 199 8¢V #81°L Sl 891 Nd4g
#%xx08°6E #5xC9' 1€ #5x€5°91 #353:70°6 009 80°¢I e 10°¢ 08T ges 144
wy %88°L 800 #%CC'9 09 €l 0'¢ 6’1 #5:L8°60 €09 TV
#%x€€°01 789 #5xCV €T #%x09°01 65 1e¢ LLO 6CT'1 #x5SLTT €09 IV
8I'8 88°C 0€°0 #x£0°C S6S 8¢9 SI'e 9L'0— %SP'E 665 AV
sk [9°CT %88 1C sk [8'€C #35x00'8C LS CrTl VS8 %6C'S 8¢°1 LS Jav
#%£9°C1 w5 CY ST #3587 91 s €L 18¢ 86'L 144 1€°0 171 068 Hav

® ) @ (n=Jfa ® ) @ (n=Ja

S 14 € T S 14 € C

(s&ep) qIue] mopuIA N (sAep) qSue] mopuIAy N

600T/TT/T€ 01 L00T/30/10—Ppotiad d[qeisup) LO0T/LO/TE 0} S00T/£0/10—Ppotiad dqels o1 HSI

SO1ISTE)S 2IeNDS-1SJ QOUAISIJIP PU0IAS

spotrad 9[qejsun pue J[qels ) 140 sareys deo [rews 10} s)Nsay ¢ AqEL

pringer

Qs



Ann Oper Res (2016) 243:273-300

294

+09 1SUONEBAISqO Iyl 9qissod Xej 09 €09 SUOIBAISSQO uInjal [qissod Xej €09 XeN
% %01 5% % S “wx % | TJOAJ] QOUBOYIUSIS SIe % BOT ‘s %S s % T TJOAS] QOUBDYIUTIS 6¥C U

(wopaaxy
(8+0) ((z4V) (T9) 1o oo (ren (@9 (19 Jo soa13a(T)

arenbs

Isd "JIp
#xx9L"CY9 #%%:C0 8LE 500" [¥7€ %0 TLT %01 0VE %00 SCC #%x%x80 1G] xS 1081 pug [e10L
#x61°69 #3555 9€ w5:8L°0F #3508 €C 891 #5x0L'T1 #91'C #%68°€ 6¥C YA
€rs 09°¢ wl #5x9L°L 98¢ #%x06'9C %756 106 [4! £6S DAS
#xSP'81 8¢'¢ w81 €T %08°¢ 79¢ SR €0y 61°0 w3591 1 8LS ANS
#x50°61 %86'L wx:09°L1 (4% €09 €6’y S0} 8¢€0 01 €09 DdS
#xS1°91 %568 TANS LY'T 8¢ LY'L 00T SY'e 70— 109 ONd
€9°CI PR #3:0€°01 %90°¢ Sey 96t #1176 8Y'C #%5C'9 €Sy WINd
78'6 00°¢ *£6'Y *£8'¢ 98¢ €811 86'L 99'C #IL'C 009 ADd
LSS S0'C 651 #x69'Y Y65 LTE #4968 1 SI'e oL'1 LOS LAad
#x[9°81 88°¢ #5x:9S CL #5x%£6°9 8LS 98t YLV 9I'¢ #2008 LSS NVd
#3507 6€ PE 24! #5:x8C 1T #x578°601 1LY 09°01 91'L 494 #5x57°6 €LY LDO

(8) (2] @ (m=Jsa (8) (2] @ m=Ja
S 14 € C S 14 € T
(s&ep) q3ue] mopuIAy N (s&ep) qIue] mopuIp N

600T/ZT/T¢€ 0V L00T/30/T10—Ppotiad dqeisun LO0T/LO/TE 0} S00T/£0/10—Ppotiad d[qels 1391 HSI

SO1SIE)S 2IenbS-1SJ QOUAISJJIP PU0IAS

panunuod ¢ JqeL,

pringer

as



295

Ann Oper Res (2016) 243:273-300

#%%8€°€C #x0€'T1 PE Al #5001 881 w9°¢ oL'1 €LY 9T°0 109 dv3i
¢r9 801 1SC 0’1 09 18°8 1TC %IL°S | €09 odar
[ 101 8L°0 L1 €09 6L'9 8¢9 6L'C 0S¥ €09 ANTI
s LL'E €9°C #%:59°60 96¢S L6°E SO'1 1€y w3 [C1C 8¢ dAH

#xx:LV VT sxx VLT #3xC1 ST x99 T LES #:L9°61 90°¢ 4760 1T IS ay! 824 IDOH
€6 L 71°0 8¢0 09 'L %098 810 96°0 €09 AVH

ELTI S 743 8¢€'C 0’0 +09 6L'9 6Ly 99°C (340} €09 AND
61°L 0T'e 8L°0 1o €09 0TI 11y 96'1 €ro €09 Ldd
L6'L %61'8 €y #x01°9 09 LT'C 9T°0 0g'l s LS €09 o1d
o6 8CT'1 80°C wssOL L 665 0TI or'e #%C0'8 L9°0— 08¢ 1dO
10°6 4% €C0 11°0 €09 SO¢l 80'Y 00 €8°¢ €09 STO

P4l LS'E ore 880 +09 =70°C1 or'c oL'1 200 €09 MVE

€911 #5x 1691 LT'T #5181 968 911 €6°¢ STl wxxbE L €09 vd
86'C 6°0 €0 81 09 #70°S1 LSy S0} 90°0 €09 1AV
88°C 181 081 %8G°¢ €09 oL LSS 0Tt #1€°¢ L8S NIV
8CT eLs €T 6C0— €09 18°01 LLO 1¥°0 #xSL'Y 99¢ NIV
SAY PR 0L0 Il 209 1494 ¥9'1 €6'C *€€°¢ €09 XAV
S0'8 620 L6'T #x5V0'L 09 #xLL'ST 8¥'C 611 99'C €09 H4AV

#%L9°91 #x8C 01 9¢'1 PRVAS 09 1T¢ £€9°0 0Lt w81 €09 Dav
%L8°C1 LT 0 v1°0 +09 89°L 1Ty 11 €8¢ €09 OV
#1SP1 €9 99°0 €6°C 09 €T'L LS'T 0S¢ #xS8'Y €09 1dav
® () @ m=Ja (® ) @ m=Jfa
S ¥ € T S 14 € 4
(s&ep) |SuS[ MOPUIA N (s&ep) |SuL[ MOPUIA N
600T/ZT/1¢€ 0V L00T/30/T10—Ppotiad d[qeisun LO0T/LO/TE 0} S00T/€0/10—Ppotiad dquis 1391 HSI

SO1ISTE)S 2IeNDS-1SJ QOUAIJJIP PU0IAS

sporrad o[qelsun pue 9[qels Y} I9A0 sareys deo prur 10§ sINsY  (F [qeL

pringer

Qs



Ann Oper Res (2016) 243:273-300

296

06°S ve #¥S°C 61°0 109 98¢ 611 20T #5x0€'8 209 INS
679 18°C 00t 181 +09 619 68'C LEO s30€ "L €09 dvs
6'6 STy 00— 601 09 06t €9 0or'0— SO0 109 JVS
8¢'¢ oLy €0'1 0’1 09 €0'L 860 #x81°9 18°0 €09 OTd
or'c STl 0€0 6€'C 09 LT'8 97T 61°0— 99°C €09 Aqd
9¢°01 LS8 £8°0 40! 1LS 6CT'S 10% 9L'1 600 209 M
S6°01 §4Y sLTL 0T0 +09 (494 €9°¢ 6CC 810 €09 Odd
6811 0T'C 9L'1 €91 09 8L61 00t ev'e STl €09 id
199 vy or'y #x11°9 S6S 149 €y ST #x09'Y 665 NINO
#:08°C1 sxxEE LT %58 TC wxx TP 96 #:%98'LT LE9 %LV’ L #:06°C SIS 400
SL6 Lo 88°¢ [43\] 09 €9 081 16°0 900 €09 JIN
99°'C LL'S v LE0— 09 006 oL'1 6€C L9°0 €09 AN
01'c 119 9L°0 o'l 09 7601 €8y o'l #%80°C €09 HN
oL’L S 1L°0 L9°0 09 LEOT 080 16°0— #2901 €09 AN
€6’y Sl 40! %08'C 09 91'8 #x8€T1 90°0— #:09°C €09 OdIN
8CT¢ 9% 99°0 YLY 09 8L'TI SLO 140! 80 €09 ININ
LL'6 6CC R4 800 09 SL9 oSt 90 600 VLS NOT
681 99°0 #x10°9 S1'o 499 oL'1 0T 17°¢ Se0 109 HAT

® ) @ (m=Ja ® (2] (@) (n=Ja

S 14 € T S 14 € 4

(sAep) PSua| mopuIm N (sAep) PSuS| mopuIm N

600T/ZT/T€ 01 LO0T/30/T10—Ppotiad a[qeisun LO0T/LO/TE 0} S00T/€0/10—Ppotiad d1qels 19391 HSI

SO1SNE)S 2IenbS-1SJ 9OUAIAJJIP PUOIAS

panunuod  (y dqeL

pringer

as



297

Ann Oper Res (2016) 243:273-300

.VOO ”mnoﬁﬁ?ﬁumbo TImjax uﬁﬁmmog XeIN .VOO MOO ”mcoﬁm\ﬁumn—o TImjax oﬁﬁﬁmwoa XeIN MOG XeIN
5 %01 ek %S “sxx % 1 [[OAS] OUBDYIUTIS 88% % %01 e %S “wxx % | TJOAS] QOUBDYIUTIS |87 uIpy
(wopaaxy
Jo
(Tse) LD (88) ((22] (Tse) LD (88) (2] $92152(7)
arenbs
18 “JIp
YI'GLE 44 SOVET s [ S 81 54x08°0LT TT98¢ 09°8S1 wxC1 T 4286 €0T pug 1eior
w8 0€'C #8S°C xxLEY 709 6£°Cl 8%'C ¥L'0 068 009 oam
9CT1 91Tl s [17°9 s [ 1°0C 1499 0r'S #1976 e s S0 €9¢ HAL
80°L eLT 01’1 L9°0 €09 60°¢ 10°€ 1$°0 L¥'S €09 NOL
we 8¢'L wT s 709 98'C 01’1 #'0 w8111 €09 DAL
0S'S €y LTO ##%8L'8 09 81°L 116 eLT #5:469°L €09 NS
(8) () @ m=Ja (8) (2 ()] (n=4a
S 14 € 4 S ¥ € 4
(sAep) PSUS] MOPUIA N (sAep) Sua mopuIAm N
600T/21/1¢€ 0} L00T/80/10—PoLred d[qeisun LOOT/LO/TE 03 S00T/€0/10—PoLed d[qeig 101 gSf

So1STE)S a1enbs-1Sd 9OUAIAJJIP PU0dAS

panunuod (Y JqeL,

pringer

Qs



(=)
w_ 6v'6 16T S8y 80 09 €09 YTs ¥9°0 96 €09 HINY
© 6L°S1 96'L 961 80°1 09 LY'€T 9T LEY €00 €09 NTY
o YLTI e LT'E 870 09 Sy Pl L9°E ¥T0 €09 TNO
3 0T 1 LST LE6 880 09 €9°L 8¢'8 981 ¥€0 €09 NdN
%) 9L'9 LOT ¥0'€ YOl ¥09 ST 81 €0°0 ¥T0 €09 aaN
S 1991 ¥8°0 ¥8'9 80 09 0811 1€ 10'T €0°0 €09 NLI
S| #+80°81 €9°T €1'e 17C 709 S6'L 08’1 0L'T 242 1€°GT €09 WS
~ ST'9 ¥8°C SH0 6L'T 09 6L SLT 09°0 ##%€8°9 €09 DA
5 LEE +8T'8 SS0 181 09 £96°¢1 00’1 €00 611 €09 NLI
| ss1sL1 #4586 060 6L'T 709 SS01 LLT 86'C LO0 €09 1d1
= 9'S 061 0LT ! 09 89T S8t 110 LO0 €09 INI
< +80'71 96T w1 1°L ¥0°0 09 0001 1L°9 LOT 96°0 €09 dINI
LLTI or'e 8¢°0 *6L°T ¥09 L9 66T 0S'1 ##x6T L1 €09 1dD
(4% 06¢ +S6'7 8¢°0 09 (437 6£9 62T €0 €09 1D
6011 601 %98°S S1°0 ¥09 #L¥ST SO 65T 960 €09 aSd
€TL Sy SI'e A 09 *€TH1 €9°¢ ##x50°0T w8 TI €09 pocl
L6'S 9TY 80°0— #6L°C 09 494 STe #+€€°9 #4:60°61 €09 ASd
YL Wl 90 SLO 09 9LT #1118 ¥9°0 LO0 €09 RE)
ST'8 L60 90T 6L°0 09 $6°S €8S €Tl L9°0 €09 1Ad
80°01 9%°9 08T 00 ¥09 «TSYI Set €T 91T €09 Td
L9°E €re #566°L LTT 09 LY'L S6'¢ 69°0 #4189 €09 vDd
#0791 [ T°ET s L0°01 #x8C'9 8¢S ov'L 9I'T L9°1 #x9C'Y (443 ASV
S9°01 09C #4676 8¢°0 09 8LY 879 ¥6'¢ ##%58°9 665 v
99 6T¢ SeT ot 09 ¥0'8 8I'Y see *6L°€ €09 NdV
669 €Tl LTO €L°0 709 $6°¢ L6 S9°0 €61 €09 DNV
«0b ¥1 911 %L0'S #466°€ 09 8T'¢ 0L'T SE0 w61 €09 SNV
LY'9 #457T 81 SO'1 181 09 «CSP1 YLL 8T'1 €'l €09 10V

(8) ) @ (n=Ja (8) () @ (n=/Ja
S 12 € 4 S 12 € 4
(sAep) pSua| mopuIpm N (sAep) Sua] mopuIm N

600T/T1/1€ 0} L00T/30/10—Powad d[qeisup) LOOT/LO/TE 0} S00T/€0/10—Potxd s[qeis 11 gSf
SO1IS1IB)IS 2IeNbS-1SJ 90UAIQYIP PUOIAS

o0
N m—voiom dlgeisun pue 9[qels Ay} J9A0 SaIeys deo owuﬁ I0J SINS3Y [T d[qeL

pringer

Ns



299

Ann Oper Res (2016) 243:273-300

09 :SUOIBAIISQO wInjalx Qsﬁmmom XN 09 €09 :SUONEAISSqO uInjal osmmmom XN €09 XN
5 %01 5 %S “wsx % | [[PAS] OUBDYIUTIS 8TS % %01 5% %S “wxsx % | [[9AS[ UBDYIUTIS (449 UIAL

(wopaary
(882) ((24)) (TL) (9¢) (882) (240 (TL) (9¢) Jo saa13a(q)

arenbs

1sd "JIp
##:€6 6V 1TEST #2556 TET #5578 €9 SO¥LT P6'LET 18'7L w66 LT T pug [elog,
L6 vL'T 8C°0 160 #09 veL oL'T LET €50 €09 THM
€011 601 LEO #xC8'Y 709 Tl 91 #68°S €Il €09 naL
¥T'9 879 8L'T €0 09 09°% 00°S 650 €50 €09 sdL
LYY LES 0S'1 ¥1°0 709 v9°€ 6¥'¢ 10°0 #CT'E €09 108
0’8 9'¢ wabL'L #x5T'9 709 88'L SL'T 85T 000 €09 IN'TS
81°CI or's 871 091 09 L6'S 8¢°0 S0 200 €09 dHS
919 879 #x61°9 $9°0 709 SLe €91 or'e N0 €09 JHS
0T'L Tr9 #xCS 0T 120 09 59 068 €e'1 340 €09 Mgs
YOET 66'€ 90°S 200 709 €S 40! €50 SS0 €09 avs

(8) (2] () m=Ja €)) ) @ m=Ja
S 14 € 4 S 14 € 4
(s&ep) qIue] mopuIp N (s&ep) qIua] mopuIpy N

600T/T1/1€ 0V L00T/80/10—potiad ajquisun LOOT/LO/TE 0 §00T/£0/10—Ppomed dqers Ioyon S

So1ISTE)S 21enbs-1Sd 90URIAJJIP PU0dAS

ponunuod YT AqeL,

pringer

Qs



300 Ann Oper Res (2016) 243:273-300

References

Affleck-Graves, J. P., & Money, A. H. (1975). A note on the random walk model and South African share
prices. South African Journal of Economics, 43(3), 382-388.

Atchison, M. D., Butler, K. C., & Simonds, R. R. (1987). Nonsynchronus security trading and market index
autocorrelation. Journal of Finance, 42(1), 111-118.

Bodie, Z., Kane, A., & Marcus, A. (2010). Essentials of investments (8th ed.). New York: McGraw-Hill.

Bonga-Bonga, L. (2012). The evolving efficiency of the South African stock exchange. International Business
and Economics Research Journal, 11(9), 997-1002.

Doyle, J., & Chen, C. (2013). Patterns in stock market movements tested as random number generators.
European Journal of Operational Research, 227(1), 122—132.

Fama, E. F. (1965a). Random walks in stock market prices. Financial Analysts Journal, 21(5), 55-59.

Fama, E. F. (1965b). The behaviour of stock-market prices. The Journal of Business, 38(1), 34—105.

Fama, E. F. (1970). Efficient capital markets: A review of theory and empirical work. The Journal of Finance,
25(2), 383-417.

Good, I. J. (1953). The serial test for sampling numbers and other tests for randomness. Mathematical Pro-
ceedings of the Cambridge Philosophical Society, 49(2), 276-284.

Good, I. J., & Gover, T. N. (1967). The generalized serial test and the binary expansion of /2. Journal of the
Royal Statistical Society Series A, 130(1), 102-107.

Hadassin, I. (1976). An investigation into the behaviour of earnings and share prices of South African listed
companies. Investment Analysts Journal, 8(1), 13-24.

Jefferis, K., & Smith, G. (2004). Capitalisation and weak-form efficiency in the JSE securities exchange. South
African Journal of Economics, 72(4), 684-707.

Jefferis, K., & Smith, G. (2005). The changing efficiency of African stock markets. South African Journal of
Economics, 73(1), 54-67.

Johannesburg Stock Exchange. (2013). Index reviews—Committee papers: Quarterly review, JSE. http://www.
jse.co.za/Products/FTSE-JSE/Indexreviews.aspx

Kemp, A. G., & Reid, G. C. (1971). The random walk hypothesis and the recent behaviour of equity prices in
Britain. Economica, 38(149), 28-51.

Kohlbrenner, P. W. (2003). The design and analysis of a true random number generator in a field programmable
gate array. Masters Thesis. George Mason University.

Kruger, R., Toerien, F., & MacDonald, I. (2012). Nonlinear serial dependence in share returns on the Johan-
nesburg Stock Exchange. The African Finance Journal, 14(2), 64-84.

Lim, K.-P. (2007). Ranking market efficiency for stock markets: A nonlinear perspective. Physica A, 376(1),
445-454.

Malkiel, B. G. (2003). The efficient market hypothesis and its critics. The Journal of Economic Perspectives,
17(1), 59-82.

Mangani, R. (2007). Distributional properties of JSE prices and returns. Investment Analysts Journal, 66(1),
57-72.

Marsaglia, G. (1985). A current view of random number generators. In Computer science and statistics:
Proceedings of the 16th symposium on the interface, March 1984 (pp. 151-158). Atlanta: Elsevier.

Marsaglia, G. (2005). Monkeying with the goodness-of-fit test. Journal of Statistical Software, 14(13), 1-4.

Mlambo, C., Biekpe, N., & Smit, E. vd M. (2003). Testing the random walk hypothesis on thinly-traded
markets: The case of four African stock markets. The African Finance Journal, 5(1), 16-35.

Morris, Q., Van Vuuren, G., & Styger, P. (2009). Further evidence of long memory in the South African stock
market. South African Journal of Economics, 77(1), 81-101.

Mulvey, J. M. (1994). Introduction to the special issue on finance. Interfaces, 24(3), 1-2.

Roux, F. J. P, & Gilberston, B. P. (1976). The behaviour of shares prices on the Johannesburg Stock Exchange.
(Report; no. F76/67). South Africa: Johannesburg Consolidated Investment Co., Ltd.

Roux, F. J. P,, & Gilbertson, B. P. (1978). The behaviour of share prices on the Johannesburg Stock Exchange.
Journal of Business Finance and Accounting, 5(2), 223-232.

Smith, G., Jefferis, K., & Ryoo, H.-J. (2002). African stock markets: Multiple variance ratio tests of random
walks. Applied Financial Economics, 12(7), 475-484.

Strebel, P. J. (1977). The limited efficiency of the Johannesburg Stock Exchange. The Investment Analysts
Journal, 10(1), 15-20.

Xu, X., & Tsang, W. (2007). An empirical study on the power of the overlapping serial test. In Proceedings
of the Asia simulation conference 2007 (pp. 375-383), Seoul.

@ Springer


http://www.jse.co.za/Products/FTSE-JSE/Indexreviews.aspx
http://www.jse.co.za/Products/FTSE-JSE/Indexreviews.aspx

	Testing market efficiency on the Johannesburg Stock Exchange using the overlapping serial test
	Abstract
	1 Introduction
	2 Background theory
	2.1 The efficient market hypothesis
	2.2 Stock markets as random number generators
	2.3 Market efficiency in South Africa

	3 Data and methodology
	3.1 Data
	3.2 Methodology
	3.2.1 Thin trading adjustments
	3.2.2 The overlapping serial test


	4 Results and analysis
	5 Conclusions
	Appendix
	References




