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Abstract 

Optimal rebalancing of multi-asset portfolios is investigated. These portfolios are compliant with 

Regulation 28 of the Pensions Fund Act of South Africa.  The objective of the study is to identify 

different rebalancing strategies from the literature and then to identify the optimal rebalancing 

method during various types of market environments. Simulated as well as historical return data 

are considered. The aim of the simulation approach is to compare the annualised return 

distributions of the various rebalancing strategies. The effect of transaction costs is also 

considered.  

Keywords: asset allocation; calendar rebalancing; market conditions; multi-asset; portfolio 

rebalancing; rebalancing targets; Regulation 28; threshold rebalancing 

1. Introduction  

The objective of this study is to investigate the results obtained for different rebalancing strategies. 

Low, medium and high equity portfolios, as classified by ASISA, are considered. Each portfolio 

type is rebalanced and analysed during four different types of market environments. These will be 

referred to as market-portfolio combinations.  

Three different categories of multi-asset portfolios were rebalanced using historical data as well 

as simulated monthly return data. These portfolios are Regulation 28 compliant, which means that 

they are subject to certain limitations set out by the Pensions Fund Act of South Africa. Three 

different rebalancing methods were evaluated, each consisting of various sub-methods. The three 

main rebalancing methods include calendar, threshold and combined rebalancing. The sub-

methods for calendar rebalancing involve monthly, quarterly, semi-annual and annual rebalancing. 

Exact, nearest edge and halfway rebalancing are the sub-methods analysed for threshold 

rebalancing. The sub-methods for combined rebalancing include combinations of the sub-methods 

for calendar and threshold rebalancing. The historical rebalancing approach will illustrate how 

certain types of portfolios would have performed in the past. Then, in the simulation approach, 

correlated monthly asset returns were simulated, by assuming that the price of each asset class 

follows a Geometric Brownian motion process. The aim of the simulation study was to determine 
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the empirical distributions of the rebalanced portfolios as well as the statistics they produce. 

Empirical distributions were used to determine whether the portfolio returns for different methods 

were drawn from the same empirical distribution. The layout of this paper is as follows. A literature 

review is followed by a discussion of the methodology and data used during this study. The results 

obtained will be discussed after the methodology and the conclusion will follow the results.  

2. Literature review 

Calendar rebalancing, threshold rebalancing as well as combined calendar and threshold 

rebalancing are the main rebalancing methods discussed in the literature review. Calendar 

rebalancing includes daily, monthly, quarterly and annual rebalancing whereas the targets used in 

threshold rebalancing include exact, nearest edge and halfway targets. The combined rebalancing 

methods that are discussed involves a combination of calendar rebalancing periods and threshold 

rebalancing targets. 

The background and previous research conducted by other authors will be discussed next. The 

asset classes and objectives of the cited research may be different to that of the current 

investigation. However, the main purpose of the literature survey is to discover what types of 

rebalancing strategies are generally used, and how optimal strategies are determined.  

2.1 Buy-and-hold strategy 

Before discussing different rebalancing methods, a buy-and-hold strategy will briefly be discussed. 

A buy-and-hold portfolio refers to a portfolio that is never rebalanced. These portfolios are 

expected to be riskier since riskier asset classes will generally be overweight and therefor the 

portfolio will contain more risk. This can be seen in a study done by Cindy Tsai in 2001, where a 

portfolio left to drift over 15 years had higher risk compared to a monthly rebalanced portfolio. 

The same study showed that a buy-and-hold portfolio had lower risk-adjusted returns compared to 

the other portfolios that were analysed (Tsai, 2001).  

2.2 Calendar rebalancing  

This paragraph will focus on calendar rebalancing, which involves buying and or selling assets at 

a certain time interval, changing the portfolio’s current asset allocations to the desired target 

allocations (Zilbering et al., 2015). Many researches favoured quarterly rebalancing as the optimal 

calendar rebalancing method. In a study conducted by John Nersesian (2005), quarterly 
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rebalancing outperformed other calendar rebalancing intervals by generating the highest average 

annual return and Sharpe ratio, while maintaining the lowest portfolio standard deviation. 

Similarly, Cindy Tsai (2001) found that for a 60% equity allocated portfolio, quarterly rebalancing 

slightly outperformed other calendar rebalancing strategies.  

Seth Masters conducted a study in 2002 in which he found that quarterly rebalancing resulted in 

the best Sharpe ratio and standard deviation compared to other calendar rebalancing strategies 

(Masters, 2002). Another study indicating that quarterly rebalancing had the lowest volatility 

involves a study done by C. Yong in 2018. In the same study, it was found that annual rebalancing 

resulted in the highest portfolio returns (Yong, 2018).  

Similarly, Riepe and Swerbenski (2006) conducted a study in which they found that for moderate 

investment strategies in terms of asset allocations, annual rebalancing outperformed the other 

calendar rebalancing intervals by producing the highest average annualised monthly returns. In the 

same study, monthly rebalancing resulted in the lowest average standard deviation of the monthly 

returns (Riepe and Swerbenski, 2006). Dayanandan and Lam (2015) found that daily rebalancing 

proved to be the most effective calendar rebalancing strategy in terms of the Sharpe ratio. 

However, daily rebalancing can be very costly and therefor better rebalancing intervals included 

quarterly and annual rebalancing, for which the latter resulted in the least volatile returns 

(Dayanandan and Lam, 2015). Their study was conducted for a hypothetical portfolio consisting 

of stocks and bonds which was analysed from 1993-2012. According to research by Ian 

Carmichael (2009), calendar rebalancing was the costliest method in terms of transaction costs 

since it produced the worst trade-off between transaction costs and tracking error. It is important 

to note that for the research mentioned above, the optimal methods were optimal when compared 

to other calendar rebalancing methods. 

2.3 Threshold rebalancing  

This paragraph will focus on another rebalancing method, referred to as threshold rebalancing. 

Threshold rebalancing involves rebalancing a portfolio if the asset allocations of the portfolio is 

not within the specified threshold range (Zilbering et al., 2015). A drawback of this method 

involves the daily monitoring of portfolio weights to assess whether these weightings breached 

their specified threshold ranges (Zilbering et al., 2015). An advantage of this method, however, is 

that the method considers market movements since the asset returns are used to determine if 
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rebalancing is necessary (Sun et al., 2006). For this method, different target weights for 

rebalancing will be included into the discussion, however most research involved using the 

strategic asset allocations as rebalancing targets. The following targets were investigated: 

• Exact target weights.  

Rebalancing to the exact target weights means that the portfolio is rebalanced to the 

strategic asset allocations. For this target, all assets are rebalanced even if only one falls 

outside its minimum or maximum threshold.  

• Nearest edge target weights 

 If a portfolio is rebalanced back to the nearest edge targets, it means that the current weight 

of a specific asset is rebalanced to the minimum or maximum threshold, depending on 

which is closest to the current weight.  

For example, if the target weight for Asset 1 is 50% and the threshold is 10%, then the 

minimum weight for Asset 1 will be 40% and the maximum weight will be 60%. Therefore, 

if the current weight of Asset 1 is, for example, 61%, it will be rebalanced back to 60%, 

since 60% is the nearest edge of the rebalancing range. Only the asset classes that triggered 

rebalancing will be rebalanced when this target strategy is employed.  

• Halfway target weights 

Rebalancing only halfway back to the target weights means. This is to rebalance back to 

the target weight between the exact target and the nearest edge target. For example, if Asset 

1 has a target weight of 50% and a threshold of 10%, then its minimum and maximum 

targets will be 40% and 60% respectively. When the weights are rebalanced to the halfway 

target weights, it means that if Asset 1 has a current weighting of 61%, it will be rebalanced 

back to 55%, which is halfway between the exact target (i.e. 50%) and the maximum target 

of 60%. Only the asset classes that triggered rebalancing will be rebalanced. 

John Nersesian (2005) found that using 20% thresholds produced the highest returns over a 20-

year period for portfolios rebalanced to the strategic asset allocations, the halfway targets as well 

as to the nearest edge targets. In terms of risk-adjusted returns as measured by the Sharpe ratio, it 

was found that 10% thresholds were optimal for a portfolio rebalanced to the halfway targets and 

2% thresholds were optimal for a portfolio rebalanced to the nearest edge targets (Nersesian, 2005). 

Even though Nersesian found that 10% threshold ranges resulted in the highest Sharpe ratio, the 
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results from this portfolio were very close to the Sharpe ratios obtained by using 2%,5% and 20% 

thresholds (Nersesian, 2005). In terms of transaction costs, 20% thresholds for a portfolio 

rebalanced to the halfway target weights outperformed others by resulting in the best trade-off 

between transaction costs and tracking error (Carmichael, 2009).  

According to Seth Masters (2002), rebalancing to the halfway target weights outperformed a 

portfolio rebalanced to the strategic asset allocations. However, both rebalancing targets 

outperformed a buy-and-hold strategy (Masters, 2002). Yong analysed a portfolio rebalanced to 

the strategic asset allocations and found that 20% rebalancing bands resulted in the highest returns, 

while 3% bands produced the lowest volatility (Yong, 2018).   

In 2007, Eakins and Stansell analysed a portfolio over seven years which consisted of investments 

in 19 sectors, each equally weighted at 5.26%. They found that when any of these investments’ 

weightings reached an asset allocation of 9%, the returns were optimal (Eakins and Stansell, 2007). 

They found that by using a 9% threshold (maximum weighting) the average annualised returns 

were approximately 3.7% higher than that of a buy-and-hold strategy (Eakins and Stansell, 2007). 

This strategy resulted in only seven rebalancing events over seven years. However, they concluded 

that the Sharpe ratio was not sensitive to the choice of threshold used to trigger rebalancing (Eakins 

and Stansell, 2007). According to Hilliard and Hilliard (2015), a threshold rebalancing strategy 

which rebalanced a portfolio back to equal weightings, if an average threshold of 5.6% was 

breached over a period of approximately 19 years, resulted in the highest geometric mean. 

However, threshold rebalancing was outperformed by other strategies when analysing monetary-

policy dependent portfolios (Hilliard and Hilliard, 2015).  

The next paragraph also focusses on threshold rebalancing specifically to the nearest edge target 

weights. In a study done by Hayne E. Leland (1996), transaction costs were assumed to be 

proportional to the traded amount of each asset which weight is rebalanced. In this study, lower 

and upper thresholds about the target asset ratio are calculated. Leland only used two assets in this 

study, therefore the target asset ratio refers to the ratio calculated using the two target weights. The 

asset prices were assumed to follow a log random walk. When the ratio of asset values in a portfolio 

falls outside these bounds, it is necessary to rebalance the portfolio by adjusting the weights back 

to the nearest edge of the no-trade interval (Leland, 1996). When transactional costs are 

proportional to the amounts traded, calendar rebalancing will not be the optimal strategy and a 
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better strategy would be to create a no-trade interval about the target asset ratio (Leland, 1996). 

This method results in less transaction costs because the frequency of rebalancing is reduced, 

therefore trading is reduced. In contrast, according to Lovell and Arnott (1989), rebalancing to the 

nearest edge of the no-trade region, performed worse than the method involving adjusting the 

weights back to the target asset allocation. 

2.4 Combined rebalancing 

This next paragraph discusses combined rebalancing, which is defined as a rebalancing method 

which rebalances a portfolio at a pre-determined time interval, only if the asset allocations 

breached their minimum or maximum thresholds (Zilbering et al., 2015). According to Zilbering 

et al. (2015), the most effective rebalancing method of all the different methods that were analysed, 

was annual or semi-annual rebalancing using 5% thresholds. Cindy Tsai (2001) found that 

combining monthly rebalancing with the use of 5% thresholds resulted in the best Sharpe ratio; 

however, these results did not differ much from those obtained using calendar rebalancing. It was 

concluded that all analysed rebalancing strategies, which included calendar rebalancing and a 

combination of calendar and threshold strategies, resulted in similar returns, risks and as mentioned 

above, Sharpe ratios (Tsai, 2001). Combining 5% thresholds with monthly rebalancing resulted in 

slightly higher Sharpe ratios for 60% equity portfolios, compared to other methods (Tsai, 2001). 

In the same study done by Cindy Tsai (2001) for 60% equity portfolios, 5% thresholds combined 

with quarterly rebalancing resulted in one less rebalancing frequency over 14 years than monthly 

5% threshold rebalancing.  

According to Dayanandan and Lam (2015), rebalancing annually using 15% thresholds resulted in 

the highest Sharpe ratio of 0.35. Riepe and Swerbenski (2006) found that annual rebalancing with 

10% threshold bands outperformed all 21 rebalancing strategies that were analysed in terms of 

average annualised monthly returns. This particular strategy rebalanced weights back to the nearest 

edge of the thresholds. In the same study, 5% monthly threshold strategy rebalanced all the way 

back to the target asset allocation proved to be the most efficient in terms of minimising average 

annualised standard deviation of monthly returns (Riepe and Swerbenski, 2006). 

2.5 Conclusion 
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From this literature study it was determined that the optimal rebalancing strategy seems to depend 

on the investor’s investment objective. It is important to firstly determine which statistic needs to 

be optimised in order to meet the investor’s investment objectives. After clarifying the investor’s 

objectives, the optimal rebalancing method can be chosen accordingly. Quarterly rebalancing was 

identified to be the optimal calendar rebalancing method by many researchers. Using threshold 

percentages between 5% and 10% was an often occurrence for threshold as well as combined 

rebalancing. Ultimately, there is no clear-cut answer to which rebalancing method is optimal and 

it became apparent that the optimal method is subject to a few underlying factors. Depending on 

what the portfolio aims to achieve, the current market environment as well as the portfolio type, 

an optimal strategy can be identified. 

3. Data and methodology 

Low, medium and high equity multi asset portfolios were rebalanced using historical data as well 

as simulated monthly return data. Various factors were considered during this study and includes 

the following: 

• Three different multi-asset portfolios 

• Four different market environments 

• Three different rebalancing methods involving various sub-methods each. 

Three different rebalancing methods on three different multi-asset portfolio types, during four 

different market environments, are analysed. The overall best rebalancing method was obtained 

by comparing the three optimal sub-methods’ portfolio statistics. This was done using historical 

data and the simulated data was used to determine whether the three historically optimal sub-

methods were significantly different.  

3.1 Portfolio construction 

One of the factors considered for this study was the category of portfolios to be analysed. The 

Regulation 28 compliant portfolio types that were analysed, is outlined in Table 1. These portfolios 

match the low, medium and high equity multi-asset portfolio classifications set out by ASISA. 

Each of these multi-asset portfolios were analysed during different market environments (as 

discussed in the next section) and each consisted of the following asset classes: Local cash, local 

bonds, global bonds, local equity, global equity and local property. The strategic asset allocations 
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for these portfolios reflect those of the FNB Horizon Series. The strategic asset allocations for the 

FNB Stable Fund, Moderate Fund and Growth Fund were used for the low, medium and high 

equity portfolios respectively. 

Table 1: Asset allocations per multi-asset portfolio equity-type 

Asset Class Proxy description Proxy index 
Asset Allocation 

Low Equity Medium Equity High Equity 

Local Cash 
3-month STeFI Index STeFNI3 Index 

30% 10% 5% 

Local Bonds All Bond Total Return Index ALBTR Index 30% 25% 10% 

Global Bonds 

Barclays Capital Global 

Aggregate Total Return 

Index 

JALSHTR Index 
5% 7.5% 10% 

Local Equity 
JSE/FTSE All Share Total 

Return Index 
JSAPYTR Index 

20% 35% 50% 

Global Equity 
MSCI All Country World 

Total Return Index 
LEGATRUU 

Index 10% 10% 15% 

Local Property 
JSE/FTSE SA Property Total 

Return Index 
M2WD Index 

5% 12.5% 10% 

 

3.2 Market environments 

The performances of the different rebalancing strategies were evaluated during the following four, 

generally distinct, South African equity market environment: 

• Long term market environment (2002-2019) 

• Bull market (2003-2007) 

• Bear market (2008-2009) 

• Generally sideways volatile market (2015-2019) 

3.3 Rebalancing methods 

In this section, the three rebalancing methods as well as the different rebalancing targets, will be 

discussed.  

• Calendar rebalancing 
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Calendar rebalancing involves rebalancing the portfolio at a set time interval. The sub-methods 

analysed for calendar rebalancing included monthly, quarterly, semi-annual and annual 

rebalancing. At the specified rebalancing interval, the rebalancing of the portfolio weights for 

each asset class takes place. The portfolio weights, after rebalancing, are back to the strategic 

asset allocations, also referred to in this study as the exact target weights.  

• Threshold rebalancing 

For this method the portfolio is rebalanced only if the asset allocations failed to comply with 

the Regulation 28 restrictions or when the allocations are not within their minimum and 

maximum thresholds. Portfolio rebalancing takes place if one or more asset classes breach 

regulated limits. The sub-methods used for threshold rebalancing involves a combination of 

threshold sets and rebalancing targets which will be explained shortly.  

• Combined rebalancing 

Combined rebalancing involves rebalancing an asset class at a predetermined time interval, 

only if the asset allocation at that time is not within the rebalancing ranges or if the asset 

allocation at that time does not comply with the restrictions of Regulation 28. This method is 

a combination of the previously discussed calendar and threshold rebalancing methods. The 

combined rebalancing sub-methods consist of combinations of the rebalancing interval, 

rebalancing target and rebalancing threshold sets.   

 

3.3.1 Rebalancing threshold sets and rebalancing targets 

The following section discussed the threshold sets and rebalancing targets used in both threshold 

and combined rebalancing. 

A total of three threshold sets were defined for each asset class and vary depending on the portfolio 

category. The objective is to observe the portfolio’s behaviour over different thresholds with 

varying degrees of restriction. Three different threshold sets are considered. Refer to Table 2, for 

more information on the threshold sets employed in this investigation. Threshold set 1 has the 

strictest threshold ranges for each asset class and threshold set 3 has the widest threshold range for 

each asset class. To obtain the minimum and maximum thresholds, the threshold percentages were 

subtracted or added to the strategic asset allocation of the specific asset class. A maximum 

threshold percentage of 3% was considered. The choice of threshold for each asset class depends 

mainly on the strategic asset allocation for that specific asset and do not involve quantitative 
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considerations. If an asset class has a larger strategic asset allocation, it will also have a relatively 

larger threshold percentage than an asset class with a much lower strategic asset allocation. The 

threshold sets for each portfolio type is specified in Table 2. 

Table 2: Thresholds percentages per asset class for all portfolio types 

Portfolio 

type 

Threshold 

set 

Asset class 

Local 

cash 

Local 

bonds 

Global 

bonds 

Local 

equity 

Global 

equity 

Local 

property 

Low equity Set 1 1.5% 1.5% 0.5% 1% 1% 0.5% 

Set 2 2% 2% 1% 1.5% 1.5% 1% 

Set 3 2.5% 2.5% 1.5% 2% 2% 1.5% 

Medium 

equity 

Set 1 1% 1.5% 0.5% 1.5% 1% 1% 

Set 2 1.5% 2% 1% 2% 1.5% 1.5% 

Set 3 2% 2.5% 1.5% 2.5% 2% 2% 

High 

equity 

Set 1 0.5% 1% 1% 2% 1.5% 1% 

Set 2 1% 1.5% 1.5% 2.5% 2% 1.5% 

Set 3 1.5% 2% 2% 3% 2.5% 2% 

The different threshold sets have been explained above. The rebalancing targets are discussed in 

detail in the literature study. 

3.4 Portfolio rebalancing process 

3.4.1 The general rebalancing algorithm employed in this investigation 

The rebalancing process employed consists of the following five steps: 

1. Detection of a rebalancing trigger 

The rebalancing trigger depends on the chosen rebalancing method. The two requirements that 

must be met in order to trigger a rebalancing action, are outlined in Table 3. 
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Table 3: The two requirements that have to be met before a portfolio can be rebalanced 

Requirement Description 

R1 The current date of evaluation corresponds with the chosen 

rebalancing interval. 

R2 One or more of the asset classes are no longer Regulation 28 

compliant and/or one of more asset classes have breached their 

threshold range. 

 

If the selected rebalancing method is calendar rebalancing, the portfolio is rebalanced if 

requirement R1 is met. For threshold rebalancing, requirement R2 must be met and for 

combined rebalancing, both requirements R1 and R2 must be met for rebalancing. If these 

requirements are not met at the date of evaluation, the portfolio rebalancing is not triggered, 

and no rebalancing is taking place. The algorithm then moves on to the next evaluation date 

(Step 6).  

2. Rebalance portfolio to relevant rebalancing targets 

Once portfolio rebalancing is triggered, the portfolio is rebalanced to the required weightings. 

For calendar rebalancing, the required weightings refer to the strategic asset allocation. For 

threshold and combined rebalancing, only the asset classes that meet their rebalancing 

requirements are rebalanced to one of the three rebalancing targets specified previously.  

3. Calculation of traded amounts after rebalancing 

If an asset class is underweight, a certain amount of that asset class has to be bought 

additionally and if an asset class is overweight, a certain amount has to be sold. Determining 

these traded amounts is important since they are key inputs of Step 4 in the rebalancing process.  

4. Calculating the transaction costs per asset class  

Once the traded amounts needed to rebalance the portfolio are calculated, the corresponding 

transaction cost for each rebalanced asset class is calculated as a percentage of this amount. 

For this study, it is assumed that the transaction costs for all asset classes are 0.15% for both 
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buying and selling transactions. A detailed transaction cost analysis is beyond the current scope 

of this investigation. 

5. Repeating Steps 1-4 until the end of the specified rebalancing period 

Each asset class within the portfolio is evaluated for a potential rebalancing trigger at each time 

step.  

3.4.2 Implications arising from the use of nearest edge or halfway rebalancing 

When a portfolio is rebalanced to the exact target weights, all asset classes are rebalanced, even if 

only some of the asset classes breached their specified limits. By rebalancing all the asset classes 

to their strategic allocations, the sum of the weighting, after rebalancing, will always equal 100%. 

This is not necessarily the case for nearest edge and halfway rebalancing. The rebalancing amounts 

for buying additional units of an asset class will not necessarily equal the required rebalancing 

amounts resulting from selling units of another asset class. This is because only those asset classes 

that breach their limits, are rebalanced. If only one asset class breaches its threshold, there may be 

no other required trade that can balance the traded amount. The following solution was 

implemented to balance the traded amounts as well as to ensure the portfolio weights for each time 

period, sums to 100%: 

• If the calculated total weights are less than 100%, there is still some weight left to distribute. 

Asset classes that are closest to their minimum thresholds and still in within their limits, 

are identified.  The left-over weight is then distributed proportionately between those asset 

classes. The percentage of the total accumulated amount for the specific time period, to be 

allocated to each asset class, is calculated as follows. The strategic asset allocations of those 

asset classes that are closest to their minimum thresholds and within their limits, are 

summed. The percentage for each asset class is calculated by dividing the strategic asset 

allocation of each identified asset class, by the sum calculated previously. This percentage 

is then multiplied with the total accumulated amount for that time period; the resulting 

amount will be allocated to the specific asset class.  

• If the summed weights exceed 100%, it means that more weight was allocated to each asset 

class than there were available. The percentage in excess of 100% must now be taken from 

those assets closest to their maximum thresholds. Asset classes that are closest to their 
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maximum thresholds and within their limits are identified. The excess weight is then 

proportionally removed from those asset classes within their thresholds and closest to their 

maximum thresholds. The percentage of the total accumulated amount for the specific time 

period to be removed, is calculated as follows. The strategic asset allocations of those asset 

classes that are closest to their maximum thresholds and within their limits, are summed. 

The percentage for each asset class is calculated by dividing the strategic asset allocation 

of each identified asset class, by the sum calculated previously. This percentage is then 

multiplied with the total accumulated amount for that time period; the resulting amount 

will be removed from the specific asset class.  

3.5 Optimal rebalancing strategy for a given measure 

Annualised statistics were calculated using the returns of the rebalanced portfolio. These statistics 

were used to identify the optimal rebalancing methods per market-portfolio combination. A list of 

the statistics that were calculated are: 

• Annualised return 

• Annualised volatility 

• Annualised Sharpe ratio 

• Annualised Sortino ratio 

Depending on the specific category of portfolio, a CPI-linked benchmark is used as the minimum 

acceptable return (MAR) in the Sortino ratio. Hence CPI + 2%, CPI + 3.5% and CPI + 5% are 

respectively used as benchmarks for low, medium and high equity portfolios. The Sharpe ratio 

makes use of the annualised return while local cash is employed as the risk-free rate. Since the 

Sortino ratio uses downside volatility, i.e. the volatility of negative returns, it might be a better 

risk-return measure to use when analysing portfolios in a bear market. 

3.6 Simulation study 

Rebalancing analysis based on historical back testing estimates how a specific rebalancing strategy 

would have performed historically. By conducting a simulation study, more return scenarios within 

the same market environment can be evaluated to get an aggregated view of the portfolio’s 

behaviour for different rebalancing methods. The aim of the simulation study was to determine 

differences between the different rebalancing methods based on their return distributions.  



15 
 

3.6.1 Simulating correlated return data on asset class level 

For each of the four market environments as mentioned previously, the portfolio’s annualised 

return, annualised volatility, as well as the correlation structure for the chosen market environment, 

were calculated. These statistics were used to simulate correlated returns on an asset class level, 

by assuming that the price of each risky asset follows a Geometric Brownian motion process.  

The correlation matrix calculated from the historical data was used to calculate the lower triangular 

matrix (LTM) by performing Cholesky decomposition. The LTM was used to simulate correlated 

random numbers and the following formula was used to calculate correlated asset prices: 

𝑆𝑖,𝑗 = 𝑆𝑖,𝑗−1𝑒
(𝑢𝑖−

𝜎𝑖
2

)𝑑𝑡+ 𝜎𝑖 𝐶𝑅𝑁𝑖,𝑗 √𝑑𝑡   𝑓𝑜𝑟 𝑖 = 1,2, … , 𝑚 𝑎𝑛𝑑 𝑗 = 1,2, … , 𝑛 (1) 

 

 where 𝑆𝑖,𝑗 is the current asset price of the 𝑖𝑡ℎ risky asset class, 𝑆𝑗−1 is the previous risky asset price 

of the 𝑖𝑡ℎ asset class, 𝑢𝑖 and 𝜎𝑖 are the annualised return and annualised volatility of the 𝑖𝑡ℎ risky 

asset class, 𝑑𝑡 is the time interval or step between each simulation and 𝐶𝑅𝑁𝑖,𝑗 is the matrix of 

correlated random numbers for the 𝑖𝑡ℎ risky asset class in the 𝑗𝑡ℎ period. 

From the correlated asset prices, correlated monthly returns 𝑟𝑖,𝑗 were calculated by taking the log 

return of the correlated risky asset prices: 

𝑟𝑖,𝑗 =  ln [
𝑆𝑖,𝑗

𝑆𝑖,𝑗−1

] 
(2) 

 

Geometric Brownian motion was used due to the easy implementation ability and simplistic nature 

of the model; however, the limitations of this asset pricing model were not overlooked. By 

assuming a Geometric Brownian motion process for the price of each asset class, the log returns 

are assumed to follow a normal distribution. In practice, this is rarely the case since return 

distributions are more skewed and more heavy tailed with higher peaks than a normal distribution. 

Another limiting assumption of Geometric Brownian motion is the assumption of constant 

volatility over time. 

The portfolios that were analysed consisted of five risky assets and one risk-free asset class, i.e. 

Local Cash. By using the same formula for simulating prices for risky-asset classes, the risk-free 
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asset class was simulated by assuming an annualised volatility of 0%, thereby eliminating the 

random part of the equation in (1) and reducing to: 

𝑆𝑗 = 𝑆𝑗−1𝑒(𝜇)𝑑𝑡   𝑓𝑜𝑟  𝑗 = 1,2, … , 𝑛 

 

(3) 

 

The returns are calculated as follows: 

𝑟𝑗 =
(𝑆𝑗 − 𝑆𝑗−1)

𝑆𝑗−1

 
(4) 

 

3.6.2 Quantifying the differences between each rebalancing method 

For each Monte Carlo simulation, the correlated returns follow different paths while maintaining 

the correlation structure of the historical data. By generating many paths for these returns, a variety 

of scenarios can be evaluated for each rebalancing method. After rebalancing the portfolios using 

the simulated returns, the distribution of the portfolios’ annualised returns can be obtained and 

used to get a better view of how methods differ.  

The same rebalancing intervals, targets, threshold sets, market environments and rebalancing 

process were used in the simulation study as for the historical rebalancing. The only difference 

was that the simulation study used 1000 variations of return datasets in the rebalancing process, 

while historical rebalancing only used one return dataset. The same statistics calculated above for 

the historical back tested rebalancing were also calculated for each simulation of the 1000 

simulations. The averages were also calculated. These statistics were calculated for those sub-

methods that were historically optimal. 

The ultimate question to be answered is whether these different rebalancing methods are 

significantly different from each other. To test whether the best sub-method for each main 

rebalancing method differs significantly from the other, two-sample Kolmogorov Smirnoff (KS) 

tests were conducted. The KS-test is used to compare the distributions of two independent samples 

by measuring the maximum distance between their empirical distribution functions. The null and 

alternative hypotheses are as follows: 

𝐻0: 𝑇𝑤𝑜 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 ℎ𝑎𝑣𝑒 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

𝐻𝑎: 𝑇𝑤𝑜 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑑𝑜 𝑛𝑜𝑡 ℎ𝑎𝑣𝑒 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 
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The null hypothesis is rejected when the p-value from the KS-test is less than the specified alpha 

(confidence level). The significance level used for reporting purposes, is 𝛼 = 5%. For each market 

and portfolio type combinations, the annualised returns generated by the best threshold, best 

calendar and best combined rebalancing methods, will be analysed using the KS-test. For example, 

a two-sample KS-test will be conducted to identify whether calendar and combined rebalancing 

have the same distribution, the same for calendar and threshold rebalancing, and threshold and 

combined rebalancing.  

4. Results 

The market-portfolio combination that will mainly be reported on involves a high equity multi-

asset portfolio analysed during a bull market. This market-portfolio combination resulted in a 

significant difference in annualised return distributions among the three main rebalancing methods 

that were historically optimal.  

4.1 Historical rebalancing results for a high equity portfolio rebalanced during a bull market 

Due to space constraints only the results for a high equity multi-asset portfolio rebalanced during 

a bull market will be discussed. Historical monthly return data were used in the rebalancing 

process, which means that the following results represents how a portfolio would have performed 

during the bull market of 2003 to 2007. 

An important observation is that even though optimal methods are identified per main rebalancing 

method, the results in terms of annualised statistics, for these portfolios, are very similar for each 

method. It is also important to consider that the rebalanced portfolios discussed below, do not 

include transaction costs. The effect of transaction costs on the rebalanced portfolios will be 

discussed in more later and will only be mentioned briefly in the sections below. This section starts 

off by discussing each main rebalancing method and their related results: 

4.1.1 Threshold rebalancing  

In a market characterised by rising asset prices, the best threshold rebalancing strategy is nearest 

edge rebalancing using threshold set 3. Therefore, a portfolio that was rebalanced to the nearest 

edge target weights, using the threshold set with the widest threshold ranges, outperformed the 

other threshold sub-methods. that were considered. Threshold set 3 is the threshold set with the 
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widest threshold ranges per asset class, as defined in Table 2. From 

 

Figure 1, it appears that the annualised returns tend to increase for wider threshold ranges. This is 

because of the market environment during which the high equity portfolio is analysed. In a bull 

market, asset prices are generally advancing, especially for equities. It would make sense that the 

portfolio with the highest equity allocation will improve in terms of annualised returns when it is 

given more time to benefit from these high returns, before it is rebalanced back to the desired 

weights.  

 

Figure 1: Annualised returns per threshold set for a high equity portfolio rebalanced 

during a bull market 
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Another trend identified from the results, is that portfolio returns seem to increase as the 

rebalancing target moves further away from the strategic asset allocations. This also makes sense 

as the weights associated with high-return asset classes, like equities and property, are more likely 

to move towards their maximum thresholds, enabling them to contribute to the higher portfolio 

returns. If these higher-return asset classes were rebalanced back closely to the strategic asset 

allocations, they would generate lower returns because their current weightings are lower than 

what they would have been at their maximum weightings. The weights of the nearest edge target 

are the furthest away from those associated with the exact target. It is also expected that a portfolio 

rebalanced back to the nearest edge target weights will be rebalanced more frequently since it is 

basically on the maximum or minimum thresholds and are more likely to breach these thresholds. 

This portfolio was rebalanced 33 times in five years.  

4.1.2 Calendar rebalancing  

As previously mentioned, monthly, quarterly, semi-annual as well as annual rebalancing were 

investigated. The best calendar rebalancing method during the bull market was found to be 

quarterly rebalancing, by a very small margin. By evaluating the annualised return, annualised 

volatility as well as the annualised Sharpe ratio for each calendar rebalancing sub-method, an 

optimal method was identified. Quarterly rebalancing had the lowest volatility compared to all the 

other sub-methods and had the second largest annualised return; this can be seen in the graph 

presented by  
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Figure 2. Semi-annual rebalancing resulted in marginally higher annualised returns than quarterly 

rebalancing; however, the annualised volatility and Sharpe ratio obtained by semi-annual 

rebalancing was outperformed marginally by quarterly rebalancing. The difference in annualised 

returns between the semi-annual and quarterly rebalancing was only 0.00002%, which is 

statistically insignificant. Compared to the other rebalancing intervals, quarterly rebalancing 

generated the highest annualised Sharpe ratio, indicating that this portfolio obtained slightly better 

risk-adjusted returns. The difference in annualised Sharpe ratio between quarterly and semi-annual 

rebalancing however, was only 0.0006 units. It is important to once again emphasise how 

marginally close the annualised results were for these sub-methods. 

 

Figure 2: Annualised statistics per rebalancing interval for a high equity portfolio 

rebalanced during a bull market 

 

 

4.1.3 Combined rebalancing  

Rebalancing a portfolio’s weights annually to the nearest edge target, if and only if these weights 

breached their limits, was found to be the best combined rebalancing method. Since there were so 

many combinations in terms of threshold sets, rebalancing targets and rebalancing intervals to 

evaluate, the best sub-method per threshold set was identified first. For each threshold set, the best 
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rebalancing target was the nearest edge rebalancing target; this can also be seen in 

 

Figure 3. Once again, this could be because a portfolio can generate higher returns when its high-

return asset classes have higher asset allocations, especially in a bull market. A high equity 

portfolio that was rebalanced annually only if it met rebalancing requirements R1 and R2, 

generated the best annualised return and Sharpe ratio among the other combined rebalancing 

methods. This specific portfolio also had the largest annualised volatility, which should have been 

expected since it generated the largest returns.  
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Figure 3: Annualised statistics for the optimal combined method per threshold set for a 

high equity portfolio rebalanced during a bull market 

This portfolio was rebalanced only five times in five years, indicating that the portfolio was 

rebalanced at each evaluation date, in other words, each year. Since the portfolio was rebalanced 

annually, this method can also be seen as a calendar rebalancing method where the rebalancing 

target is the nearest edge target instead of the exact target. A portfolio rebalanced annually to the 

exact target generated an annualised return of 21.66%. This return is 0.69% smaller than the return 

obtained by the portfolio rebalanced to the nearest edge target. Although the portfolio, that was 

rebalanced to the exact target, had a smaller annualised volatility than the nearest edge rebalanced 

portfolio, the annualised Sharpe ratio for the latter was the highest by 0.034 units.  

4.1.4 Method comparison for historical rebalancing during a bull market 

 From the results, it became clear that as the rebalancing thresholds became larger, the annualised 

statistics increased. Rebalancing less during a bull market seems to result in optimal returns as 

well as risk-adjusted returns; this is due to the nature of the market environment and portfolio type. 

Analysing a high equity portfolio during a bull market characterised by large returns generated by 

equities, explains the previously-mentioned observation. By comparing the best sub-methods for 

each main rebalancing method, it becomes clear that the combined rebalancing method was 

optimal during a bull market.  
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None of the rebalanced portfolios however, outperformed the buy-and-hold strategy in terms of 

annualised returns. This observation can be explained by considering the market environment 

during which the portfolio was rebalanced. A portfolio with higher equity allocations, will more 

likely generate higher annualised returns in a market characterised by high-returns for specifically 

equities. A buy-and-hold strategy resulted in an annualised return of 23.09% which is 0.74% larger 

than the return obtained for the optimal rebalancing method, combined rebalancing. 

Table 4 summarises the annualised returns, volatilities and Sharpe ratios obtained for the best 

threshold, calendar and combined rebalancing methods respectively. Combined rebalancing 

outperformed the other two methods in terms of annualised returns as well as risk-adjusted returns.  

Table 4: Annualised results per optimal sub-method for a high equity multi-asset portfolio 

rebalanced during a bull market 

Method Best sub-method Annualised return Annualised 

volatility 

Annualised Sharpe 

ratio 

Threshold Nearest Edge (Set 3) 22.18% 11.39% 1.0809 

Calendar  Quarterly 21.71% 11.32% 1.0521 

Combined  Annual Nearest Edge 

(Set 3) 

22.35% 11.52% 1.0826 

 

4.2 Simulation results for a high equity portfolio rebalanced during a bull market 

The simulation study was used to determine whether the rebalancing methods listed in Table 4, 

had significantly different annualised return distributions. Two-sample KS-tests were conducted 

for the rebalancing methods using the annualised returns obtained for each method during the 

simulation study. The p-values obtained from the significance tests indicated that only calendar 

and combined rebalancing have significantly different annualised return distributions. A p-value 

of less than 0.01 was obtained and therefor the null hypothesis, stating identical distributions, were 

rejected. However, it was found that these three rebalancing methods had significantly different 

annualised return distributions, when compared to a buy-and-hold strategy. This result may be of 

great value to portfolio managers to motivate why they employ a specific rebalancing strategy, and 

that it is not necessarily inferior to other strategies. 
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4.3 The effect of transaction costs on different rebalancing methods 

The decreased percentage in annualised returns calculated using historical data was used to 

measure the effect of transaction costs on portfolio returns.  

4.3.1 Rebalancing methods most affected by transaction costs   

For all portfolio-types, calendar rebalancing was most affected by the incorporation of transaction 

costs, specifically monthly rebalancing. As the rebalancing interval increased, the annualised 

returns after transaction costs decreased. This indicated that more frequent rebalancing leads to 

increased transaction costs and ultimately lower annualised returns.  

The threshold rebalancing sub-method most affected by transaction costs was exact rebalancing 

using the strictest threshold set, threshold set 1. When a portfolio is rebalanced to the exact target 

weights, the traded amounts are larger than it would have been for nearest edge or halfway 

rebalancing. This is because the nearest edge and halfway target weights are much closer to the 

maximum and minimum thresholds, than the exact target weights are. A larger traded amount will 

lead to a larger cost for that specific trade, which is why exact rebalancing was most affected 

among threshold rebalancing sub-methods.  

The combined rebalancing sub-method that was most affected, was monthly rebalancing to the 

exact target weights also using threshold set 1. It seems that more frequent rebalancing to a target 

closer to the strategic asset allocation, will be most affected by the incorporation of transaction 

costs.  

4.3.2 Rebalancing threshold sets and transaction costs 

For threshold and combined rebalancing methods, the portfolios most affected were those 

rebalanced using threshold set 1. A rebalancing range which is narrower will trigger more 

rebalances since the portfolio has less room to drift within. This will therefore be a contributing 

factor to why these portfolios’ annualised returns, are most affected. In contrast, wider rebalancing 

ranges will trigger less rebalances since the portfolio has more room to drift from its strategic asset 

allocations. The combined effect of the rebalancing target and the rebalancing threshold sets can 

also be a contributing factor to decreasing annualised returns caused by transaction costs. 
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4.3.3 Market environments and transaction costs 

During a bear market, the effect of transaction costs was most apparent. This could be due to the 

magnitude of the traded amounts during this period. The market environment during which 

portfolios were least affected by, was during a generally sideways volatile market.  

To compare between rebalancing during a bear and a generally sideways volatile market, a high 

equity portfolio was rebalanced using exact threshold rebalancing and threshold set 1. The 

decrease in annualised return for a portfolio rebalanced during a bear market was approximately 

0.05% and 0.01% for a portfolio rebalanced during a generally sideways volatile market. When 

rebalancing a high equity portfolio using monthly calendar rebalancing, similar results were 

obtained. The decrease in annualised return for a portfolio rebalanced monthly during a bear 

market was 0.06% and 0.04% when rebalanced during a generally sideways volatile market. 

Finally, the decrease in annualised return for a high equity portfolio rebalanced combined monthly 

to the exact target weights using threshold set 1 was obtained. The results were approximately the 

same as those obtained for threshold rebalancing.  

4.4 Summary of results for all market-portfolio combinations 

As mentioned before, the simulation study was used to determine whether the three historically 

optimal rebalancing methods per market-combination, had identical distributions or not.  

For a bear and a generally sideways volatile market, all the historically optimal rebalancing 

methods per portfolio type, had identical annualised return distributions. The three historically 

optimal methods for these market types, also had the same annualised distribution than a buy-and-

hold strategy.  

For portfolios rebalanced over the long term, the results indicated that for all portfolio types, none 

of the optimal methods had a significantly different annualised return distribution. However, for 

low and medium equity portfolios, the optimal methods showed significant differences in 

annualised return distribution when compared to a buy-and-hold strategy.  

Results obtained for portfolios rebalanced during a bull market, were far more interesting than for 

other market environments. The historically optimal methods for all portfolio types, indicated 

significant differences in the annualised return distribution when compared to a buy-and-hold 
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strategy. The following methods showed significant differences in their annualised return 

distributions: 

• Low equity: Combined rebalancing and threshold rebalancing resulted in a p-value lower 

than 5%. 

• High equity: Combined rebalancing and calendar rebalancing resulted in a p-value lower 

than 5%. 

The specific main rebalancing methods referred to in this section, refers to the methods listed in 

the table below. 

 

 

 

 

 

 

 

Table 5: Results per market-portfolio combination using historical data during rebalancing 

Market 

environment 

Main method Portfolio types 

Low equity Medium equity High equity 

Bull 
Threshold Nearest edge (Set 3) Nearest edge (Set 3) Nearest edge (Set 3) 

Calendar Annual Semi-annual Quarterly 

Combined *Quarterly nearest 

edge (Set 1) 

*Quarterly nearest 

edge (Set 3) 

*Annual nearest 

edge (Set 3) 

Bear 
Threshold Halfway (Set 2) Nearest edge (Set 1) Nearest edge (Set 1) 

Calendar Semi-annual Semi-annual Semi-annual 

Combined *Semi-annual exact 

(Set 2) 

*Semi-annual exact 

(Set 3) 

*Semi-annual exact 

(Set 3) 
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Generally 

sideways volatile 

Threshold Exact (Set 1) Exact (Set 2) Exact (Set 3) 

Calendar *Monthly Monthly Monthly 

Combined Quarterly exact (Set 3) *Monthly exact (Set 

2) 

*Annual exact (Set 

2/3) 

Long term 
Threshold Nearest edge (Set 3) Nearest edge (Set 1) Nearest edge (Set 1) 

Calendar Semi-annual Semi-annual Semi-annual 

Combined *Semi-annual nearest 

edge (Set 2) 

*Semi-annual nearest 

edge (Set 1) 

*Semi-annual 

halfway (Set 2) 

 

The asterisk next to the methods in Table 5 indicate that that specific method was optimal for the 

specific market-portfolio combination. The annualised return for the optimal method per market-

portfolio combination are tabled in Table 6: 

Table 6: Annualised return for optimal rebalancing methods per market environment 

Market 

Environment 

Portfolio Types 

Low Equity Medium Equity High Equity 

Bull market 
Quarterly Nearest 

Edge (Set 1)  

15.27% 

Quarterly Nearest 

Edge (Set 3) 

19.98% 

Annual Nearest Edge 

(Set 3) 

22.35% 

Bear market 
Semi-annual Exact 

(Set 2)  

7.12% 

Semi-annual Exact 

(Set 3) 

6.30% 

Semi-annual Exact 

(Set 3) 

4.44% 

Generally sideways 

volatile market 

Monthly  

7.91% 

Monthly Exact (Set 

2) 

7.57% 

Annual Exact (Set 

2/3) 

7.75% 

Long term 
Semi-annual Nearest 

Edge (Set 2) 

10.69% 

Semi-annual Nearest 

Edge (Set 1) 

12.23% 

Semi-annual 

Halfway (Set 2) 

13.33% 
 

5. Conclusion 

5.1 Optimal method per market environment 
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The following section focuses on the optimal rebalancing methods per market environment using 

historical rebalancing. From the results it became clear that combined rebalancing was the optimal 

method for most market-portfolio combinations. It proved to outperform the other rebalancing 

methods for 11 of the 12 considered market-portfolio combinations. In contrast, calendar 

rebalancing generally performed the worst among the considered methods. The only market-

portfolio combination for which calendar rebalancing was optimal, was for a low equity portfolio 

rebalanced during a generally sideways volatile market. Here, monthly rebalancing generated an 

annualised return only one basis point higher than the best combined rebalancing method. A 

marginal difference in annualised returns was a frequent occurrence during this study. Although 

optimal rebalancing methods were identified, it must be said that most of these methods only 

slightly outperformed the rest. The following methods was considered optimal, even if only 

slightly: 

• Bull market 

During a bull market, combined rebalancing outperformed both the best threshold and 

calendar rebalancing methods for a high-equity portfolio. Annual combined rebalancing to 

the nearest edge target, generated an annualised return of 22.35%. This was 0.17% higher 

than the return generated by threshold rebalancing and 0.64% higher than that of calendar 

rebalancing. Combined rebalancing also proved to be optimal for low and medium equity 

portfolios. 

• Bear market 

Combined semi-annual rebalancing to the exact target weights proved to be the optimal 

rebalancing method for a high equity portfolio. Combined rebalancing proved to be optimal 

for low and medium equity portfolios. 

• Sideways volatile market 

Annual rebalancing to the exact target weights proved to be optimal for a high equity 

portfolio rebalanced during a generally sideways volatile market. For a medium equity 

portfolio, combined rebalancing also proved to be optimal, however, monthly calendar 

rebalancing was determined to be optimal for a low equity portfolio.  

 

 

• Long term market environment 
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Combined semi-annual rebalancing to the nearest edge resulted in the best annualised 

statistics for a high equity portfolio. Combined rebalancing was determined to be the 

optimal rebalancing method for all portfolio types rebalanced over the long term.  

5.2 Threshold sets  

Regarding threshold sets, using wider threshold percentages generally produced better annualised 

results for portfolios with a higher allocation towards equities. With respect to rebalancing targets, 

the nearest edge target weights produced better annualised results when used during a bull market. 

The exact target weights (strategic asset allocations) generated optimal annualised results when 

used during a bear market. 

5.3 The effect of transaction costs 

Rebalancing portfolios during a bear market resulted in the largest percentage decrease in 

annualised returns after incorporating transaction costs. The smallest percentage decrease in 

annualised returns were obtained when rebalancing portfolios during a generally sideways volatile 

market. Overall, monthly rebalancing was the rebalancing method that resulted in the largest 

percentage decrease in annualised returns. The decrease in annualised return for a high portfolio 

rebalanced monthly during a bear market, was approximately 0.06% and 0.04% when rebalanced 

during a generally sideways volatile market.  

Portfolios rebalanced during a generally sideways volatile market proved to be less sensitive to the 

incorporation of transaction costs. This was also proved by the fact that more frequent rebalancing 

proved to generate the best annualised results during this market environment. The rebalancing 

target that was most affected by transaction costs, was the exact target weights. The reason for this 

is because the traded amounts associated with exact rebalancing, was larger than those obtained 

for nearest edge or halfway rebalancing. Larger traded amounts will lead to larger transaction costs 

associated with those specific trades. Ultimately, the percentage decrease in annualised return, will 

also be larger. 

5.4 Significance tests 
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The main reason for the simulation study was to determine whether there are significant differences 

between the considered rebalancing methods. Significant differences in annualised return 

distributions was apparent for portfolios rebalanced specifically during a bull market.  

When KS-tests were conducted between the historically best main rebalancing methods, an 

important result came to light. Quarterly calendar rebalancing and combined annual rebalancing 

to the nearest edge targets, had significantly different annualised return distributions. A p-value of 

less than 0.01 was obtained and the null hypothesis of identical return distributions, was rejected.  

Even though the results mainly suggest combined rebalancing is generally optimal, it must be 

noted that the annualised results were only marginally better for the optimal method. It is here 

where the need for experience and the judgement of portfolio managers, arises. 
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