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Abstract
The efficient-market hypothesis in its semi-strong version holds that excessive gains cannot be attained in the market without the use of inside information. In particular, according to this hypothesis, an efficient market rules out the very possibility of riskless gain.
Several previous studies have asked whether riskless gain opportunities can be found in the market. As the capital markets undergo technological progress and see the introduction of automatic e-commerce systems that have immense computational power, it is assumed that they have become more efficient because they are unlikely to allow a riskless gain opportunity to last for long.
This study was undertaken through the use of data sampled in Israel’s Maof (futures and financial instruments) market in real time in January–October 2018—197 trading days. The strategy chosen for the attempt to find riskless gain opportunities is the box spread, which generates a fixed return. The study shows that, indeed, there are statistically significant indications that the Tel Aviv capital market has become more efficient than it was when studied in 2000.
About half of the riskless gain opportunities uncovered are theoretical only, i.e., the gain they deliver is smaller than their transaction costs or their window in the market is too short for the trading systems to respond—making them practically unattainable.
It is also found that a riskless gain exists mainly in a volatile market and in one that features lively trading. In particular, a large majority of riskless gain opportunities present, significantly, on the day before the options expire. As for the stages of trading, hours that typically see lively and volatile trading are the first and last hours of each day; at these times, the number of riskless gain opportunities increases significantly.
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1.	Introduction
Important markets around the world have gone totally electronic; most global trading in modern capital markets is run by automatic trading systems, allowing continuous digital trading to take place. The Tel Aviv Stock Exchange (TASE), like advanced bourses abroad, is typified by fully electronic trading. Buy and sell orders reach the TASE servers from members of the exchange. Once there, the orders are processed and vetted and an attempt is made to mate them in order to culminate a transaction, all with no human intervention whatsoever.
The efficient-market hypothesis in its semi-strong version holds that a riskless gain is unattainable in an efficient market (without the use of inside information) because security price reflects all publicly available information. In recent years, the share of automatic systems in trading has grown. These systems are characterized by vast computational power, rapid communication infrastructure, and much efficiency.
These technological developments in trading should enhance market efficiency considerably because they allow information to flow swiftly to all participants in trading and enable orders to reach the exchange in split-seconds. In such a market, any arbitrage opportunity that materializes should be closed within a fraction of a second.
In view of previous studies that found cases of riskless gain in the course of trading, the purpose of this study is to determine whether in 2018, too, in a highly technological market such as TASE, riskless gain opportunities still took shape in the market and, if the answer is yes, whether they could be exploited to realize a profit potential.
One of the strategies that generate a fixed flow and, accordingly, are well suited to testing for the emergence of a riskless gain against a riskless asset is the box-spread strategy. This strategy, by means of which an attempt to attain a riskless gain is made, will be presented and examined in this study 


2.	Models and hypotheses in this study
2.1	The box-spread strategy
	The box-spread strategy, implemented with the help of four different options, assures a fixed return irrespective of underlying asset price on expiry date. Such a strategy effectively opens a position that is equivalent to a riskless asset.
	It is important to note that to open a riskless position, the options of which the position is comprised must have the same underlying asset and must expire on the same day.
	The figure below describes the position:

[image: ]
[מלל מלמעלה ולפי השעון]
Box Spread
Total return
Call sale
Put buy
Call buy
Put sale

As may be seen, the following fixed return is obtained:

where K1, K2 are strike prices and n is the multiplier of the underlying asset.
	To implement the strategy at a given moment, the put and call operations must be carried out at market prices. Thus, the cost of implementing the strategy (premium only, net of fees) is given as follows:
 
That is, to open the position, the investor must pay NIS Prem.
	This strategy creates a riskless asset. Therefore, for an arbitrage gain to be made, the following equality must obtain:
 
	where r is the riskless market interest rate (from the date on which the position is opened to that on which the options expire). In such a case, arbitrage may be implemented in the following way: 

	Action
	Time 0
	Time 1

	Open position
	
	Box

	Sell quantity Prem of riskless asset 
	
	

	Total
	0
	



Thus, it may be seen that if  obtains, then arbitrage indeed takes place.

2.2	The riskless interest rate
	The riskless interest rate is taken from short-duration data relating to Makams, instruments that are considered totally riskless.
	In practice, in the first ten months of 2018—the research period—the riskless interest rate was zero and drifted at less than 0.2 percent per annum.

Makam Interest Rate, 2018
[image: ]
	Given that the options examined in this study were verging on their expiry dates, the time to expiry was one month at the most. Thus, at 0.2 percent annual interest, the maximum discount rate for near-expiry options is:

Namely: 16.7 agorot per NIS 1,000 at the most.
	In view of these data, one may overlook the discounting factor because it is small and inconsequential relative to the values examined in this study.


3.	Research hypotheses
The underlying hypothesis in this study is that technological progress in capital markets has improved market efficiency relative to previous years and that this is manifested, inter alia, in less room for opportunities to attain a riskless gain.
The practical meaning of having less room for such opportunities is, primarily, that the typical lifetime of an available riskless gain opportunity in the market has become much shorter.
Another hypothesis in this study is that, generally speaking, a relation exists between the emergence of arbitrage opportunities in the market and the nature of trading. Specifically, it is hypothesized that a relation exists between the time remaining until option expiry and the number and size of riskless gain opportunities. Consequently, it is aspired in this study to establish the existence of a statistically significant relation between time remaining to option expiry and the number and size of riskless gain opportunities that are typical of the gain at issue.
Since the data are not normal-distributed, to establish the relation with sufficient statistical significance, extensive use is made of the Mann-Whitney U test, an a-parametric test well suited to samples of the kind used in this study. Simply put, this test answers the question of whether one may say, on the basis of the sample, that the expected value for one population is greater than that for another, or, in other words, how validly one may assume that data randomly sampled from one population would be greater than data randomly sampled from another.



4.	Literature review
Many studies have attempted to answer the question of whether arbitrage opportunities exist by using the box-spread strategy and whether, after transaction expenses are subtracted, the gain still exists. The studies have examined various markets in different periods of time.
Ron and Ronn (1989), using intraday bid and ask prices from the Chicago Board Options Exchange (CBOE), sampled one trading day per year over eight years (1977–1984) by means of the last opportunity each hour. In their analysis, they described arbitrage opportunities in two stages: each opportunity detected and then selling or buying these options. They found that the arbitrage opportunity originating in the box-spread strategy lasts in the market for a short time only and that the small gain that it yields vanishes once transaction costs are subtracted. Thus, only very agile traders with low transaction costs can exploit this arbitrate in their favor.
In 1994, Marchand, Lindley, and Followill looked into box-spread strategies by harvesting data from bid and ask prices on the S&P500. Their data were from January 1983 to June 1992 and the intervals between samples of bid and ask prices varied and lasted up to five years. The results show that the yields obtained were low, that they vanished totally when transaction costs were taken into account, and that widening the inter-sample intervals heightened the risk.
Hemler and Miller (1997) used a box-spread strategy to investigate market efficiency before and after the 1987 stock-market crash. In their study, they used European options on the S&P500 with a thirty-second interval between samples. They found that before the crash, arbitrage opportunities were small and trading was unprofitable given a one-minute delay in performance. After the crash, however, arbitrage opportunities did appear and trading was profitable even at a five-minute delay in performance. In a subsequent study, Tian and Ackert (2010) looked into options on the S&P500 between February 1992 and January 1994. Their goal was to test market efficiency by means of hedging to option prices, put–call parity, and the box-spread strategy. They found a meaningful number of arbitrage cases in the box spread as against zero cases flowing from put–call parity. What is more, the results were significant and independent of the effect of the futures contract that was traded concurrently.
[bookmark: _GoBack]Benzion, Danan, and Yagil (2005), for the purposes of their study, produced special software for installation on the computers of a brokerage firm in order to gather intraday bid and ask price data. When the computer received the trading data, the software sampled them every four seconds, thus helping to detect arbitrage opportunities in real time and to estimate the gains. The trading prices of the options were harvested from the TA25 index and the study was conducted on data for June–July 2000. Thus study, unlike previous studies on the topic, also analyzed the characteristics of the opportunities in search of a pattern that would help to shorten search time and increase potential gains. The results of this study, too, showed that box-spread-type arbitrage could yield only a meager gain and only for fast traders who had low transaction costs. Furthermore, most arbitrage opportunities existed on in-the-money options and usually vanished after a second or so.
Vipul (2009), using transaction files on Nifty index options between January 2002 and December 2003, asked whether four box-spread strategy transactions with arbitrage gains took place within a two-minute time frame. The results pointed to the existence of arbitrage opportunities even after subtraction of transaction costs and showed that the number of arbitrage opportunities rises with increases in market volatility.
In the current study, riskless gain opportunities in the Maof market of the Tel Aviv Stock Exchange (TASE) are examined. The research question is whether a change occurred in the typical time in which the market offered these opportunities relative to the previous study, which found that the typical time in 2000 was about one second. We also ask whether the relation found by Vipul (2009) between the nature of trading and the emergence of riskless gain opportunities also existed in the Tel Aviv market in 2018.


5.	Analysis and limitations of intraday data
For the purposes of this study, use was made of historical real-time tick-by-tick intraday data recorded by TASE. These data include quotes of trading data and information about transactions.
Three main limitations come into play when these data are used:
1. Data reliability 
The data were sampled and shared for use by TASE. The starting assumption in this study is that the data are reliable, complete, and accurate. However, there was no way to ascertain that this was so and that, for example, there were no communication glitches that caused data loss, delayed arrival, and so on. Such disruptions might have caused arbitrage opportunities to be lost and bumps to occur in measuring the duration of the opportunity in the market.
2. Resolution of the sampling clock 
In the data used, the clock is expressed at a resolution of hundredths of seconds. In modern markets such as TASE, however, typical clocking for the placement of orders is measured in milliseconds if not microseconds. At that level of clocking, the difference of a hundredth of a second in clocking between quotations may represent a difference of 1 to 19 milliseconds, making it hard to determine whether the arbitrage opportunity could have been exploited or not.
3. Volume and form of data
The data shared by TASE are not sorted by time; this sorting had to be carried out before the work could begin. Given the voluminous nature of the data, much time was needed to process and analyze them; it was also necessary to assure that the application used for the analysis be as efficient as possible.
The application in question was written especially for the purpose of performing this analysis. It reviewed all files that contain option data and searched for arbitrage opportunities at various strike prices. Insofar as it found any, it also checked how long they existed in the market. For each day of data, the app generated an output file that contained all arbitrage opportunities found. Ultimately, the relation between arbitrage efficiency and time to expiry was examined as well.


6.	Results 
The study covered 197 trading days in 2018—all trading days between January and October of that year.
For each day of data, a momentary picture of the state of the market was stored in memory and updated with every tick in the data file. When each tick was read from the data file, all possibilities in which the box-spread strategy could be invoked were combed. Thus, all possible combinations of K1 and K2 were examined and the cost of the strategy for each combination was calculated and compared with the expected return upon expiry.
For each day reviewed, the application turned out a file including all arbitrage events found in the course of the day during continual-trading hours (net of opening and closing time—between 9:40 a.m. and 5:24 p.m.)
An example of the daily arbitrage summary file follows:
[image: ]

where:
Clock—the time of day at which the arbitrage opportunity was created
K1, K2—strike prices at which the arbitrage opportunity was created
Position—position cost
Return—return at expiry
—prices of the options of which the position was comprised
Arbitrage—arbitrage size, expressed in NIS
Δt—average duration of the arbitrage opportunity in the market, expressed in milliseconds (at hundredth-of-second resolution)

After arbitrage files were generated for each trading day in 2018, the data were centralized in the following table for all trading days:
[image: ]
[כיתובים משמאל לימין]
Month
Day
Time
Days to expiry
Arbitrage size
Time
Exploitable/not exploitable

The table was analyzed to obtain findings; outliers were analyzed separately.

The cases obtained fall into three main groups:
a. Arbitrage opportunities that cannot be exploited at all
Included in this group are all cases in which the arbitrage value obtained is smaller than NIS 5. Given that the minimum fee per position is assumed to be NIS 4 (NIS 1 per option), any arbitrage opportunity worth less than NIS 5 cannot be exploited.
This group also includes arbitrage events that have an average lifetime in the market of 5 milliseconds, because it is assumed that within this duration the trader needs to receive the information from the exchange, identify the situation, and send the order to the exchange.
b. Arbitrage opportunities that can be exploited only by professional traders and not by the public
Included in this group are cases in which the arbitrage has a value greater than NIS 5 because the fees typically charged to professional traders are usually slightly under NIS 1 per option.
It is further assumed that automatic trading systems available to the public cannot respond in less than 50 milliseconds. Therefore, this group also includes arbitrage events that have a lifetime of less than 50 milliseconds (but more than 5 milliseconds) in the market.
c. Arbitrage opportunities that the public can exploit
Importantly, the reference here, too, is to a public that has some capabilities in fast and digital trading, as opposed to a public that sends orders manually. At issue in this case are time determinants of a totally different magnitude (many seconds).


7.	Analysis of the results
7.1	Summarizing the arbitrage events 
After the table that summarizes all sampled trading days was produced, the arbitrage events were counted and grouped in the manner explained above.
In all, 5,013 arbitrage events in 197 sampling days were found, distributed as follows:

Distribution of Arbitrage Events
[מקרא מלמעלה למטע]
Cannot be exploited
By professionals only
By the public

The analysis of the findings in this study relates solely to arbitrage events in Groups B and C; it disregards theoretical events that are practically unexploitable (Group A).
It may be seen that the number of arbitrage events that the public can exploit is negligible—only eight all year long, out of 5,013 events in all.

7.2	Analysis of the number of arbitrage events as a dependency of time remaining to expiry
After we observed all arbitrage events that theoretically could be exploited, we examined the relation between the number of such events on a given trading day and the distance from option expiry (in days). The initial results obtained show indications of a clear preference of the week of expiry:
[image: ]Opportunities






	Days to expiry
	Opportunities

	1–7
	1330

	8–14
	435

	15–21
	306

	22+
	464



To determine whether or not this result is statistically significant, the number of events on each expiry day as against other days was checked by means of a Mann-Whitney U test. It was found that on days verging on expiry, more arbitrage events of much greater significance than 1% are obtained ().
Several typical characteristics of trading shortly before expiry may explain this result:
1. Trading volume increases as expiry approaches.
2. Traders are in a rush to close positions and are willing to pay a higher price for this purpose, thus creating arbitrage opportunities in the market.
3. The high trading volume induces rapid and volatile trading and communication glitches, resulting in cases of orders that are not up-to-date when they reach the market, creating arbitrage opportunities.

7.3	Analysis of average arbitrage size as a dependency of time remaining to expiry
In this section, we ask whether a typical relation exists between arbitrage size (in NIS) and time remaining to expiry. The initial results show that the typical arbitrage size is smallest in the week of expiry and rises commensurate with time remaining to expiry.
[image: ]Average Arbitrage Size







	Days to expiry
	Avg. arbitrage size

	1–7
	13.91428571

	8–14
	18.53563218

	15–21
	20.30065359

	22+
	22.68534483



Here, too, we availed ourselves of the Mann-Whitney U test to determine statistical significance.
It was found that, indeed, the claim that arbitrage size is smaller in the week of expiry than on other days is statistically significant at a level much higher than 1 percent ( is obtained). 
It seems possible to explain this outcome in view of the nature of trading in the expiry week and the price of the options as explained by the Black and Scholes model:
1. An explanation based on the nature of trading: When trading is high in volume, ask–bid spreads usually contract. Therefore, it seems, the volume and velocity of trading do not allow arbitrage to develop over time and traders do not have to offer far-from-market prices to close positions. Therefore, traders can close their positions by creating minimum arbitrage.
2. An explanation flowing from the Black and Scholes model: As the date of expiry draws closer, the time value of the option decreases until, shortly before expiry, it zeroes and the option verges on its naïve value. When this happens, the market will by necessity encounter fewer pricing errors. In addition, the naïve value of the option is the lowest possible (because the value of time is always positive); therefore, in this situation, the premium needed to close a position immediately will be minimal.
Notwithstanding the foregoing, it should be noted that even during the week of expiry one may see, although infrequently, arbitrage events on the scale of several dozen NIS. This, it seems, may be explained by the rationale offered in Paragraph 1 above, which states that traders rush to close positions before expiry and are sometimes willing to pay a considerable price to do so, especially on nontradable options that do not benefit from large trading volumes. These options are usually the expensive ones.

7.4	Analysis of arbitrage events parsed by stages of trading
After obtaining the previously reported results concerning the significant relation between days to expiry and the nature of the arbitrage, we examined the connection between the number of arbitrage events and the stage of trading.
The trading day is divided into three stages:
1. Beginning of trading—9:35 a.m.–10:30 a.m.
2. Prime trading hours—10:30 a.m.–4:30 p.m.
3. End of trading—4:30 p.m.–5:24 p.m.
The beginning and ending stages are typified by lively volume and relative volatility. Therefore, if a significant upturn in arbitrage events is found in these parts of the day, it will further corroborate the explanations in previous sections about the effect of the nature of trading on arbitrage opportunities.

[image: ]Average Number of Opportunities by Times of Day 
[מקרא משמאל לימין]
Up to 10:30 a.m.
10:30 a.m.–4:30 p.m.
After 4:30 p.m.

The comparison is normalized (number of cases per unit of time) and makes use of a Mann-Whitney U test. It finds that the claim that the beginning and end of trading see more arbitrage opportunities is statistically significant at a level exceeding 1 percent () is obtained). 

7.5	Analysis of arbitrage-event duration
An important factor in any discussion of the eventuation of riskless gain opportunities in the market—a factor that directly affects the ability to realize this gain—is the duration of the arbitrage event in the market.
Generally speaking, from the moment a riskless gain opportunity presents itself in the market, the following time durations may be sketched:
	—from the moment the arbitrage situation comes about until information appears in the trading system;
	—from the moment the information appears until the trader identifies the arbitrage situation (the time it takes to process the information);
	—from the moment the arbitrage situation is identified until the trader sends an appropriate trading instruction to the exchange.
These times are critically dependent on the quality of the infrastructure available to the trader, which varies from one trader to another, and on the course of the day (which is subject to change due to communication load, etc.).
To exploit an arbitrage opportunity that the market presents, the trader must meet two conditions:
1. The total time spent, , must be smaller than the lifetime of the arbitrage event in the market.
2. The  total time spent must be the shortest in the market so that this trader gets to the arbitrage situation first.
These conditions are closely related because the lifetime of the arbitrage event in the market is determined by the trader whose  is the shortest, given that it is he or she who will get to exploit the arbitrage event.
Our analysis of the duration of the arbitrage event and the size of the market’s arbitrage opportunities shows, as stated, seen that about half of the opportunities cannot be exploited at all because they are too brief or because the arbitrage is too small to cover transaction costs.
Among those opportunities that are exploitable, at least by professional traders and those with high-quality infrastructure, the lifetime of arbitrage events in a given market is distributed as follows:







Number of Opportunities
[מקרא משמאל לימין]
Up to 10
10–20
20–30
30+
t[mSec]

	Number of events
	Duration (mSec)

	2399
	Up to 10

	48
	10–20

	17
	20–30

	71
	30+



	It is plainly evident that a large majority of arbitrage opportunities lasts no longer than several thousandths of a second. The longest arbitrage lasts about a second; its size is NIS 7 and it occurs only twice all year long.
	Comparing these results with the previous study (Benzion, Danan, & Yagil, 2005), which related to Israel in 2000, one sees that market efficiency improved considerably. That is, according to the findings of the current study, the typical duration of an arbitrage event contracted from around one second in 2000 to several thousandths of a second in 2018.
	The evident explanation for this outcome is the enormous technological improvement that the market saw in those years and the widespread introduction of automatic trading systems, resulting in less time between the creation of an arbitrage opportunity and its closing to zero levels. Improvements in communication infrastructure and processing time also played a role.


8.	Summary of findings and conclusions
The tests described above, taken as a whole, yield the following findings.
Riskless profit opportunities do appear in the market. About half them cannot be exploited at all; the others are worth NIS 10 on average and typically last several thousandths of a second.
Most arbitrage opportunities appear on the day before expiry, and their occurrence is significant.
The preferred time for the emergence of an arbitrage opportunity in the course of the day is that typified by volatile and relatively large-volume trading, i.e., at the beginning and the end of the trading day.
Arbitrage events are significantly smaller during the week of expiry than in other weeks.
Relative to arbitrage events on the Tel Aviv Stock Exchange that were found in a previous study relating to 2000, the lifetime of an arbitrage opportunity in the market shortened considerably and one may say that market efficiency improved commensurate with technological progress.
The ability to exploit an arbitrage event under the market conditions shown in this study belongs solely to sophisticated and technology-intensive investors. The requisite investment in such technology is probably much larger than the profit that may be gained by exploiting the opportunities that the market presents.
The public, a collective of unsophisticated investors that is not technology-intensive, has  no practical possibility of exploiting an arbitrage event that the market presents.

8.1	Recommendation for further research
	The findings in this study show that technological progress and the massive introduction of automatic trading systems in the markets appear to have had a highly salutary effect on market efficiency. However, full research work should be invested in testing the favorable and unfavorable effects of technology-intensive trading systems on the capital market and an attempt should be made to present an intelligent recommendation as to whether the use of these systems should be limited.
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Appendix A—Attachments
Attached to this study is a disk with the data that were used for the research. It includes the following files:
1. .REP-S files—data files with information from the Stock Exchange.
2. .ARB files—files with data on arbitrage events found each day.
3. MASTER file—a file containing the sum of all arbitrage events found throughout the sample period, with statistical segmentation and computations.
4. Semen file—an Excel worksheet containing all functions that detected arbitrage events, from the Stock Exchange data files.
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Date: 1/1/2018

Expiry date:25/1/2018

clock K1 K2 Position Return Call_K1 Put_K1 Call_K2 Put_K2 Arbitrage Δt

10035712 1440 1490 -4995 5000 7440 175 3050 780 5 10

10035712 1440 1510 -6985 7000 7440 175 1720 1440 15 10

10035712 1440 1520 -7995 8000 7440 175 1210 1940 5 10

11064096 1480 1570 -8995 9000 4230 490 175 5430 5 10

11073017 1480 1570 -8995 9000 4230 490 175 5430 5 10

11090701 1480 1570 -8995 9000 4240 490 175 5420 5 10

12385029 1440 1520 -7995 8000 7820 155 1370 1700 5 10

13332902 1510 1570 -5995 6000 2130 1170 175 5210 5 0

14044565 1490 1530 -3990 4000 3610 610 1060 2050 10 10

14044565 1490 1560 -6990 7000 3610 610 280 4270 10 10

14390052 1420 1500 -7998 8000 10150 82 2900 830 2 10

14390052 1420 1510 -8988 9000 10150 82 2200 1120 12 10

14390052 1420 1530 -10998 11000 10150 82 1090 2020 2 10

14390052 1420 1570 -14993 15000 10150 82 175 5100 7 10

14561363 1470 1500 -2980 3000 5650 310 3110 750 20 10

14561363 1490 1500 -980 1000 3890 550 3110 750 20 10

16072715 1480 1510 -2990 3000 4830 390 2410 960 10 10
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ימים 

לפקיעה

'גובה ארביטראז זמן

לא /ניתן

ניתן 

למימוש

1 1 10:03:57 24 15 10 1

1 1 11:06:40 24 5 10 1

1 1 11:07:30 24 5 10 1

1 1 11:09:07 24 5 10 1

1 1 12:38:50 24 5 10 1

1 1 13:33:29 24 5 0 0

1 1 14:04:45 24 10 10 1

1 1 14:39:00 24 12 10 1

1 1 14:56:13 24 20 10 1

1 1 16:07:27 24 10 10 1

1 2 10:16:37 23 2 10 0

1 2 10:22:25 23 5 10 1

1 2 10:41:46 23 20 10 1

1 2 10:54:32 23 20 10 1

1 2 11:44:13 23 10 10 1
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