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Abstract:

Purpose: In Markowitz’s traditional portfolio analysis, only the close price is used to build
an investment portfolio. This type of price is commonly regarded as an axiom. As such, this
article aims to prove that the close price is not the best type of price. Using the close price
means that a portfolio which appears optimal is far from it. Under certain assumptions, it
can be demonstrated that the close price should not be used.
Design/Methodology/Approach: For the purposes of this study, 20 currency pairs were
selected for analysis, from which portfolios of two assets were created. However, the best
portfolios were additionally selected based on three “research spaces”, five moving average
lengths, and seven types of prices (including the close price). A total of 13,300 different
portfolios of two assets were created. All portfolios were calculated using real Forex data.
The author created an original subroutine for the MetaTrader4 trading platform to build this
enormous number of portfolios. It enabled online data collection and calculation of the
entire portfolio population. A time frame of 15 minutes (M15) was used for this purpose.
Findings: Thanks to such a large research sample, it was proven that the close price is not
the best for building an investment portfolio. Within six hours, one of the prices gave an
actual result that was 11,133.3% higher than that for the portfolio with the close price. This
study proved the following hypotheses: “Selecting an optimal portfolio (in the traditional
sense) using the close price is not an optimal solution”, and “The close price is not the best
price for building an investment portfolio.”

Practical Implications: Empirically verified knowledge about the use of different types of
prices may prove useful for all (investment companies, investors, researchers, students) who
have so far only used the close price.

Originality/Value: No one has yet combined statistical knowledge, portfolio analysis, and
MetaTraderd trading platform software with an M15 time frame. No other studies using
portfolio analysis question the axiom of using the close price in any market (including the
Forex market).
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1. Introduction

Trading in financial assets involves risk as well as return (Gautami et al., 2022;
Laws, 2018; Elton et al., 2014; Rani, 2012; Haugen, 1993). Various analyses are
helpful in this regard, including three basic types, fundamental analysis, portfolio
analysis and technical analysis (Bednarz, 2023). Each type is well described in the
literature (Eugster and Uhl, 2023; Moura and Neves, 2024; Hidayat and Hendrawan,
2017; Sharma and Mehra, 2017; Schwager, 2017; Bulkowski, 2012; Murphy, 1999;
Greig, 1992).

Therefore, their detailed description will not be included here. However, due to the
close link between this article and portfolio analysis, it should be noted that portfolio
analysis helps to reduce investment risk. This is done by introducing an additional
financial instrument into the portfolio, which reduces or eliminates specific risk

(Quiry, 2011).

Such an approach to investing makes use of advanced statistical methods. The model
in question was developed by Nobel Prize winner Harry Markowitz (Markowitz,
1952; 1959). Portfolio analysis answers the question of HOW to diversify
investment risk.

The starting point in portfolio analysis is price, which is used to calculate rates of
return. The next stages of portfolio construction involve calculations covering the
variance of asset returns, standard deviation of asset returns, correlation coefficients
of asset returns, and covariance of asset returns (...). The close price is always used
as the starting point, or rates of return are used without specifying the price applied
to calculate them. One may even argue that the close price is an axiom.

Accordingly, this article questions the exclusivity of the close price in building an
investment portfolio. The author believes that the close price is not the only price
that can be used in portfolio analysis. Moreover, its use means that a portfolio which
appears optimal is far from it. This is proven by a study conducted on a sample of
13,300 investment portfolios in the rapidly evolving Forex market.

Consequently, a different price than the close price offers a better investment
portfolio. This trading approach is also suitable for speculation (Bednarz, 2024;
2023). It can be argued that “A portfolio is a mixture of securities such as stocks,
bonds and other money market instruments” (Gautami et al., 2022). In the opinion of
the author of this article, portfolio analysis is not limited to the money market. It can
also be successfully applied to other markets, including Forex.

2. Literature Review

In the literature, it is difficult to find studies that use a price other than the close
price to build an investment portfolio (Sen and Dasgupta, 2024; loannidis et al.,
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2023; Syahrini et al., 2023; Puri and Yadav, 2019; Sharma and Mehra, 2017). Some
studies do not even disclose the price used to calculate the rates of return (which are
the starting point for portfolio analysis).

In such cases, it can be assumed that it is the close price (Hiller, 2025; Palma et al.,
2024; Mohan and Thomas, 2023). Whether researchers use the close price or neglect
to mention which price they use in their analyses, it is worth referring to studies that
relate to Markowitz’s portfolio analysis or the selection of an optimal portfolio.

Following the traditional Markowitz model, some of them aim “to limit the extent of
short positions within the portfolio” (Candes and Plan, 2009). Others build portfolios
“using weighted elastic net penalization” (Ho ef al.,, 2015). There are also studies
dealing with “the cardinality constrained portfolio selection” (Gao and Li, 2013).
Further, some studies use algorithms to construct optimal portfolios (Gao and Li,
2013; Brodie et al, 2009). Then, there is the Adaptive Support Split-Bregman
approach (Ho et al., 2015).

Other interesting concepts include the Hyperbolic Absolute Risk Aversion (HARA)
(Loukeris et al, 2025) and the Optimal Portfolio Selection Intelligence (OPSI)
(Loukeris and Eleftheriadis, 2016). Another solution is the lexicographic goal
programming method (Syahrini et al., 2023). The literature also includes studies
aimed at detecting multiple optima of portfolio optimization (Qi ef al., 2018).

A noteworthy approach to investment portfolio optimization is the use of the genetic
algorithm (GA) (Radak et al., 2024). Some studies employ financial analysis (FA) in
optimal portfolio selection (Sharma and Mehra, 2017). There are also compilations
where “the application of Markowitz portfolio and Black—Litterman models is
extended to energy portfolio selection in transmission-distribution environments
with high penetration of renewable energy” (Mohan et al., 2023). While intriguing,
the above concepts of investment portfolio optimization may prove too sophisticated
and difficult to apply in practice for many investors.

3. Methodology and Hypotheses

The close price is one of seven types of prices that can be used in financial markets.
As such, it is not the only price that can be used in portfolio analysis. Indeed, its use
means that a portfolio which appears optimal is far from it. To reach this conclusion,
the author conducted extensive research involving the construction of 13,300
different portfolios of two assets? based on Markowitz’s methodology (Markowitz,
1959; 1952). To that end, the following were selected for the study: a) Assets, b)

’This study also examines a portfolio of three assets (Maccheroni et al., 2013), a portfolio of
Sfour assets (Laws, 2018), a portfolio of five assets (Syahrini et al., 2023), and a multi-asset
portfolio (Laws, 2018).
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“Research spaces”, ¢) Moving average lengths, d) Time frames, and e¢) Different
types of prices.

3.1 Assets

Twenty low-spread currency pairs (on the Forex market) were selected for analysis.
The low spread is a key criterion because Forex quotes are displayed as (line, bar, or
candlestick) charts for the BID price only. The ASK price (used to open long
positions and close short positions) is not displayed. Therefore, currency pairs with
low spreads (as low as zero for EURUSD or 0.1 pips for AUDUSD, USDIJPY,
GBPUSD and many others) were selected to simplify calculations.

The following currency pairs were used to build the portfolios of two assets:
AUDUSD, EURUSD, GBPUSD, NZDUSD, USDCAD, USDCHF, USDJPY,
USDPLN, USDRON, AUDCAD, AUDCHF, AUDIJPY, CADCHF, CADIJPY,
EURCAD, EURGBP, EURJPY, NZDCAD, NZDCHF, NZDJPY.

These 20 currency pairs can be used to build 190 different portfolios of two assets.
The selection of assets is restricted to only 20 currency pairs due to limited data
readability. For example, Table 1 is scaled to fit a typical computer screen. Above
the diagonal, standard deviations for 190 portfolios of two assets are shown; below
the diagonal, there are 190 expected returns for the same 190 portfolios constructed
from those 20 currency pairs.

The introduction of one more currency pair (21 currency pairs in total) increases the
number of results above and below the diagonal to 210 (an increase of 20 results
above and 20 results below the diagonal). However, the introduction of eight
additional currency pairs (28 currency pairs in total) means that there will be 378
results above and below the diagonal (compared to 190 at present).

Such an increase in the number of currency pairs is counterproductive and impairs
the readability of the results. For this reason, the author has limited the number of
currency pairs to 20.

293

3.2 “Research Spaces

The next area of research is the selection of “spaces”, which are described as
follows:
e “Space A”

3“Research space” is a conventional term the author uses to refer to a specific feature
directly resulting from Markowitz’s portfolio analysis or directly related to it. In other
words, a “research space” is a “research area” or “selection criterion” that distinguishes it
from other relevant “research spaces”. All “research spaces” are related to each other, like
the X and Y coordinates in one coordinate system.
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This “space” encompasses the risk and expected return of all portfolios (efficient
frontier), of which only one portfolio ranks highest. Each of these portfolios has
its own specific “coordinates”. These are risk o (standard deviation, X
coordinate) and expected return r (expected value, Y coordinate). This is shown
in Table 1, where values above the diagonal represent risk (o) and values below
the diagonal represent the expected return (r). For portfolio 6 7
(USDCHF_USDIJPY), 6 =0.037 %, r=0.025 %.

Thus, “Space A” allows investors to select a portfolio that offers the highest rate
of return for a given level of risk, measured by standard deviation. This is
referred to as an “efficient portfolio” (Adler et al., 2024; Laws, 2018; Elton et al.,
2014; Rani, 2012; Haugen, 1993) located at the highest point on the “efficient
frontier” (Adler et al., 2024; Mohan and Thomas, 2023; Laws, 2018; Elton et al.,
2014; Haugen, 1993) in the upper half of the Markowitz bullet (Haugen, 1993).

The portfolio was selected each time using a chart. For example, Figure 1 shows
the optimal portfolio: Portfolio 6 7 (USDCHF_USDIJPY, Portfolio 1, Table 3). A
total of 35 such charts were created in the course of this study. Each presented
190 portfolios, yielding a total of 6,650 portfolios of two assets used for analysis.

e “Space B”
This area of research refers to selecting a portfolio in which the correlation
between assets (p) is close to zero. This ensures that changes in one currency pair
do not cause significant changes in the other. If the compared portfolios had the
same correlation coefficient (p), the portfolio with the lower coefficient of
variation (coefficient of variation = ¢ / r) was selected.

The choice of portfolio was made using a table each time. For example, Table 2
shows that the correlation coefficient closest to zero among the 190 portfolios
(correlation coefficients are shown above the diagonal) is 0.012 for portfolio
9 10 (USDRON_AUDCAD, Portfolio 36, Table 4). A total of 35 such tables
were created in the course of this study. Each table presented 190 portfolios,
yielding a total of 6,650 portfolios of two assets used for analysis.

e “Space C”

This area of research concerns selecting a portfolio with minimal standard
deviation. This is referred to as the minimum variance portfolio (MVP) (Laws,
2018; Haugen, 1993), i.e. one with the lowest possible risk. The details of the
portfolio selection are shown in Table 1, where the values above the diagonal are
risk (o). For portfolio 13 16 (CADCHF_EURGBP, Portfolio 71, Table 5), ¢ =
0.003 %. A total of 35 portfolios were created and selected from 6,650 others
based on the MVP criterion.

At this point, it is important to note that the values given above for Portfolios
6 7,9 10and 13 16 are results only for:
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one of the three “research spaces” (A, B, C),

e one of the five moving average lengths (4, 8, 12, 20, 24),
one of the seven different prices (close, open, high, low, median, typical,
weighted close).

Ultimately, 105 portfolios were selected for further analysis (3 x 5 x 7), each of
which was always the best out of 190. As a result, a total of 19,950 portfolios of two
assets (105 x 190) were analysed, all using a 15-minute (M15) time frame. It should
be clarified here that the 6,650 portfolios later labelled “Space C” and “Space A”
come from the same pool. However, the choice of the 35 portfolios for “Space C”
was based on the MVP criterion (lowest possible risk), while the portfolios in
“Space A” always had the highest risk with the maximum return. As such, these are
different portfolios because the criteria for their selection were different.
Accordingly, 19,950 portfolios were analysed, but 13,300 different portfolios were
created.

3.3 Lengths of Moving Averages

The next element of this study was the moving averages with lengths of 4, 8, 12, 20,
and 24 (Table 3, Table 4, Table 5 Column C). The returns calculated with these
methods were used in statistical calculations, including variances and standard
deviations for all currency pairs, covariances, correlation coefficients, portfolio asset
weights, expected returns for all portfolios, and the variances and standard
deviations of all portfolios following Markowitz’s traditional portfolio analysis.

The moving average lengths were not optimized; they were selected to be multiples
of the 15-minute (M15) time frames used in this study. In the author’s opinion, if
there is any regularity, then optimization is not required. Furthermore, with such a
large sample of 13,300 different portfolios of two assets, optimization is
unnecessary. The same moving average lengths (MA4, MAS, MA12, MA20, MA24)
were used to evaluate the effectiveness of each of the 105 portfolios by comparing
their actual results (Table 3, Table 4, Table 5, Columns M, N, O, P, Q).

3.4 Time Frame

Many studies use a time frame of “one month” to calculate the monthly returns
(Adler et al., 2024; Eugster and Uhl, 2023; Laws, 2018; Shipway, 2009). Others use
a time frame of “one week” to calculate the weekly returns (Sharma and Mehra,
2017) or “one day” to calculate the daily returns (Puri and Yadav, 2019).

Nonetheless, in applying portfolio analysis to the Forex market, one cannot limit
oneself to time frames such as “one month”, “one week”, or “one day”. The author
believes that using such time frames is unreasonable in a rapidly changing market. It
is more effective, and thus more profitable, to employ shorter time frames. Some

studies suggest that the return on the Forex market can be as high as 132.7%
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(Bednarz, 2023) within 10 trading days or 104% (Bednarz, 2024) within 44 hours
when using the following time frames: H4, H1, M30, M15, M5 and M1. This article
uses the M15 (15-minute) time frame to build investment portfolios.

The selection of this time frame was not optimized in any way, as the author
believes that optimizing variables (in this case, the M15 time frame) for the
hypotheses presented below (H1, H2) is contrary to a scientific approach to
evaluating reality. If this study revealed any regularity, it is independent of the
chosen time frame.

3.5 Different Types of Prices

The final element of this study was the use of seven different prices. In portfolio
analysis, returns are commonly calculated using the close price. However, this is not
the only option available. Many technical analysis programs (including MetaTrader4
or MetaTrader5 for trading on the Forex market) enable the user to choose between
seven different types of prices. These include:

Close Price [C]

Open Price [O]

High Price [H]

Low Price [L]

Median Price [(H+L)/2 ]

Typical Price [(H+L+C)/3]

Weighted Close Price [ H+ L+ C+C) /4]

Therefore, limiting investment decisions to selecting a portfolio based solely on the
close price means that such a portfolio may not necessarily be the best one. The
results presented here indicate that this is the worst possible solution for selecting an
optimal portfolio. Figure 2 describes where the basic prices (O, H, L, C) are placed
on the bar chart showing the quotes.

3.6 Hypotheses

Ultimately, this article aims to show which of the seven types of prices is best for
building the most efficient portfolio. This approach stems from the fact that the
commonly used close price is not necessarily the best for building an investment
portfolio. Therefore, this paper formulates two research hypotheses:

H1: “Selecting an optimal portfolio (in the traditional sense) using the close price is
not an optimal solution.”
H2: “The close price is not the best price for building an investment portfolio.’

’
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3.7 Data

The data for the calculations came from a Forex broker offering low spreads. This
feature was decisive due to the widespread lack of data for the ASK price (the open
price for a long position or the close price for a short position). Therefore, a low
spread (even as low as 0 USD or tenths of a pip) makes it possible to use the BID
price (the close price for a long position or the open price for a short position)
without any significant error in the final results.

The BID price in files exported from Forex trading platforms is interpreted as the
close price. The data for the study were generated from the MetaTrader4 trading
platform, with an MI15 time frame for 20 currency pairs. A subroutine for
MetaTrader4 (a trading platform for the Forex market) developed by the author of
this publication made it possible to perform calculations for all 13,300 different
portfolios of two assets. The compilation of results for each of the 105 portfolios
meeting all criteria (described below as “Space A”, “Space B”, and “Space C”) was
prepared as a spreadsheet.

The period covered by the analysis includes M15 data until 21.00 on 6 February
2025. This means all portfolios were created at 21.00, and 105 portfolios were
selected from these. This period was not “chosen to fit the hypotheses”. The author
of this article reasons that if there is any regularity, it is independent of optimization.

The detailed evaluation of all 105 portfolios showed the actual performance of each
portfolio starting at 22.00. Results (MA4) are given as the moving average of the
four quote bars (time: 21.15, 21.30, 21.45, 22.00; Table 3, Table 4, Table 5 Column
M). Similarly, results (MAS) are given as the moving average of eight bars (Column
N), results (MA12) as the moving average of 12 bars (Column O), results (MA20) as
the moving average of 20 bars (Column P), and results (MA24) as the moving
average of 24 bars (Column Q).

It was also assumed that for each of the 105 portfolios, the investor has USD 10,000
at their disposal, of which only 40% will be allocated to investment in a given
portfolio (i.e., USD 4,000). This assumption is necessary due to the risk of capital
falling below the required margin. In such a situation, the broker closes losing
positions. Calculations related to swap points, which apply after the change of the
trading date, were also omitted.

Their impact on the final results would depend on whether the position is long or
short. For example, with a trading volume of 1 lot in the USDJPY currency pair, a
long position generates an additional profit of +USD 24.42 in swap points, while a
short position results in a loss of —USD 40.60. For the USDPLN pair, swap points
result in a loss of —USD 19.43, regardless of whether the position is long or short.
For the USDCAD currency pair, a long position represents a profit of +USD 1.76,
while a short position represents a loss of —USD 5.27.
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Due to the significant variability in these additional gains or losses, swap points
were deliberately omitted from the analysis. Moreover, portfolio evaluations were
conducted after one hour (MA4, four time frames, time: 21.00-21.59.59), two hours
(MAS, eight time frames, time: 21.00-22.59.59), and three hours (MA12, twelve
time frames, time: 21.00-23.59.59).

In each scenario, the trading date remained unchanged, thus eliminating gains or
losses arising from swap points. The brokerage commissions, which for the 1 lot
position are equivalent to USD 7 for each currency pair, were also omitted.
A leverage of 50:1 is used for all calculations.

Thirteen different calculations are required to calculate the risk and expected return
for just one portfolio. The results included in Table 1 alone required as many as
2,470 calculations (13 x 190 portfolios). Table 2 additionally presents the results of
calculations necessary to select the best portfolio, which must include the expected
return r (Column A) and the standard deviation of the return 6 (Column B) for each
asset.

In order to calculate the actual results for each of the 105 portfolios, it is necessary to
know the value of 1 pip in USD (Column C) and the value of the margin
requirement in USD (Column D). Table 2 also contains correlation coefficients (p,
values above the diagonal) and the weight of one asset in each constructed portfolio
(X_A, values below the diagonal).

Due to the enormous number of calculations and portfolios analysed, only those
portfolios (105 out of a total of 19,950) that are consistent with “Space A” (Table 3),
“Space B” (Table 4) and “Space C” (Table 5) are presented. For comparison, the
performance of all 105 portfolios is presented using the average results (in USD)
achieved on each portfolio (Columns M, N, O, P, Q).

Each time, it is a moving average that includes 4, 8, 12, 20 and 24 quote bars. Each
bar covers 15 minutes (M15). Therefore, these are average, actual results covering a
period from 1 hour (4 x M15) to 6 hours (24 x MI15) after the creation of each

portfolio.

According to this explanation, the average result calculated from 4 MI15 bars
(Column M) for Portfolio 1 (Table 3, Close price, Portfolio 6 7,
USDCHF_USDIJPY, “Space A”) is USD 55.8. However, the average result
calculated from 24 M15 bars (Column Q) is USD 53.8. For Portfolio 36 (Table 4,
Close price, Portfolio 9 10, USDRON_AUDCAD, “Space B”), the average result
calculated from 4 M15 bars (Column M) is USD 25.0.

Yet, the average result calculated from 24 M15 bars (Column Q) is —USD 0.6. For
Portfolio 71 (Table 5, Close price, Portfolio 13 16, CADCHF EURGBP, “Space
C”), the average result calculated from 4 M15 bars (Column M) is USD 47.5. Still,
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the average result calculated from 24 M15 bars (Column Q) is USD 76.1. The results
are calculated “on the bars”, following the bar on which “all portfolios were built”
(at 21.00). This makes it possible to assess the impact of the close price (and other
types of prices) used on actual results (in USD).

Referring to returns is a better way to show the profitability of each price type. The
author of this article chose not to include this due to the need for additional
calculations involving the conversion of portfolio asset weights (X A and X B;
Tables 3, 4, and 5, Columns H and I) into position sizes expressed in lots, adjusted
for the margin requirements of the respective currency pairs (Table 2, Column D).

This is omitted solely due to the limited space in this article.* The reference to the
average realized profits/losses in USD provides an equally tangible measure of using
prices other than the close price.

4. Research Results and Discussion

The research results are shown in Figure 3. The figure shows that although the close
price is a viable option, there are better ones (e.g. high, typical, weighted).

In “Space A”, portfolio 6 7 (Figure 1) was not optimal (result: USD 55.8; MA4;
portfolio No. 1, Table 3, Column M; Table 6, Column ) if the close price was used.
The optimal portfolio was the one using the high price (portfolio No. 3; 5 12),
whose result was 42.47% higher (USD 79.5; MA4; Table 3, Column M; Table 6,
Column I).

Further, the use of the typical price enabled a 24.45% higher result than for the close
price, amounting to USD 70 (portfolio No. 6; 6 12; MA4; Table 3, Column M;
Table 6, Column I). The weighted price also yielded a result that was 23.48% better
than the close price of USD 68.9 (portfolio No. 7; 6_20; MA4; Table 3, Column M;
Table 6, Column I).

In “Space B” (correlation coefficient between assets close to zero), the close price is
almost the worst possible choice (USD 57.1). Only the weighted price achieved an
inferior result. The best result with the low price (USD 78.9) was 38.18% higher
than the close price. Comparing the results obtained with the same average in the
MAA4 portfolio (as in “Space A”), but with a longer portfolio holding time of 6
hours, MA24 for actual results (Table 4, Column Q), it can be seen that the close
price is the least favourable choice. The high price was 1,1133.3% better than the
close price, and the low price was 7,166.67% better (Table 4, Column Q).

*Naturally, all asset weights in the porifolios (X A and X _B) were recalculated relative to
the respective margin requirements and are incorporated into the results presented in Tables
3,4, and 5 (Columns M, N, O, P, Q).
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In “Space C” (lowest possible risk o, MVP portfolio), using the close price is not
terrible, but the typical price proved to be 9.33% better, and the high price was
2.89% better. Comparing the results obtained with the same average in the MA4
portfolio (as in “Space A” and “Space B”), it is worth noting that those for the
typical price (portfolio No. 76, Table 5, Column M) were 74.11% better than for the
close price. Figure 3 compares the maximum results (regardless of whether a
moving average with a length of 4 or any other was used).

Therefore, the results can be compared using the average calculated for the entire
group of results for a given price. This is the average of 25 values (5 average lengths
x 5 average lengths, Table 6, Table 7, Table 8 Column J). Then, the results are more
straightforward. This is shown in Figure 4.

Figure 4 indicates that the close price should not be used in “Space A”. The
average result from 25 measurements was a loss of —USD 21.3. Other types of prices
have an even worse average result. In contrast, all prices are suitable for use in
“Space B” and “Space C”. In “Space B”, the average low price (USD 23.1) was
52.98% higher than the average close price (USD 15.1).

The average high price and the median price were also 36.42% higher than the
average close price. In contrast, in “Space C”, the average high price (USD 36.9)
was 59.05% higher than the average close price (USD 23.2). For the typical price
(USD 30.6), the result is 31.9 % higher.

5. Conclusions, Proposals, Recommendations

The study shows that prices other than the close price can be used when building an
investment portfolio. The different returns obtained through them directly influence
the composition of the investment portfolio. This paper shows that regardless of:

e the maximum value of the bar averages (Table 6, Table 7, Table 8, Column I;
Figure 3),

o the average value for 25 measurements for one price type (Table 6, Table 7,
Table 8, Column J; Figure 4), the close price will not create an optimal portfolio.
Other types of prices make it possible to build better portfolios and achieve
superior real results (in USD).

Therefore, H1: “Selecting an optimal portfolio (in the traditional sense) using the
close price is not an optimal solution” should be considered true. The consequence
of proving H1I is to accept H2: “The close price is not the best price for building an
investment portfolio.”

The proven hypotheses provide a new perspective on traditional portfolio analysis.
The use of the close price no longer has to be an axiom. Actual results may be
significantly better with other price types. On the other hand, these other types of
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prices enable the creation of more efficient portfolios. This approach is particularly
recommended for investors whose acceptable risk level allows them to achieve
higher real returns than the close price used so far.
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