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per dataset and/or the filesystem performance, which is 
sensitive to tunable parameters like the level of striping 
and stripe size, resulting in a larger I/O overhead for the 
smaller dataset. This type of variation in performance 
is well known: It has been shown that tuning of HDF5 
and file system parameters can have a significant impact 
on I/O performance (Howison et al. [2010]).

DISCUSSION

Data Organization

In this work, we demonstrated the benefit of using 
a more efficient data organization by using the HDF5 
file format. For computing market indicators, we see 
speedups of about 355x by using HDF5 compared with 
using CSV. This speedup results directly from more effi-
cient data access methods. Organizing and storing the 
financial data in a more efficient way has tremendous 
potential to improve the monitoring and reporting of 
financial markets.

Parallel Computing

Large-scale analyses of financial data—such as query-
based analysis of historical data—require processing large 
amounts of computationally independent data (e.g., data 
for different stocks). The experiments in the previous 
sections have shown that we can parallelize these types of 
operations effectively. The combination of efficient data 
organization and parallel computing enables us to evaluate 
large amounts of queries in seconds rather than hours. 
Such results, which stem from a combination of parallel 
computing, efficient data I/O, and index/search, are con-
sistent with other studies in forensic cybersecurity analysis 
(Bethel et al. [2006] and Stockinger et al. [2006]) and 
large-scale scientific data analysis (Rübel et al. [2008]), 
where processing time was reduced from hours or days 
to minutes or seconds. We are able to evaluate 8,000 
queries on a 74.5GB dataset in ≈2 seconds, an operation 
that takes more than 3.5 hours in serial using CSV data, 
a speedup of about 6,300x. The same operation on the 
larger 744.7 GB dataset still requires less than 5 seconds.

E x h i b i t  1 1
Plot Created Using Our Query Tool Showing the Best OFR, BID, PRICE, and Total Traded Volume (SIZE)
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For a color version of this exhibit, please visit The Journal of Trading website at www.iijournals.com/jot.
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HPC for Early Warning Systems

Based on our preliminary results, we believe that 
early warning systems can benefit substantially from HPC 
research, systems, and tools. Evaluation of the effectiveness 
of potential early warning indicators requires screening of 
large amounts of historical data. Ultimately we need to be 
able to compute market indicators in real time, requiring 
massively parallel algorithms and high-throughput data 
networks to analyze data from large numbers of stocks 
at once. At the same time, the real-time data need to be 
stored efficiently for later analysis. For example, to enable 
regulators to judge the credibility of an indicated alarm, 
they need to be able to quickly locate and analyze similar 
events in large amounts of historical data. While our case 
study was limited in scope, focusing only on TAQ data, 
the results indicate that HPC methods can facilitate many 
of the tasks necessary for the development, operation, and 
monitoring of a market monitoring and alarm system. 
For use scenarios involving larger amounts of financial 
data, we expect the computational demands to increase 
significantly, making HPC methods indispensable.

Future Work

In the current work, we have encountered incon-
sistent data from different sources. For example, dif-
ferent sources disagree on how many trades of AAPL at 

$100,000 per share occurred on May 6, 2010. In the TAQ 
data, there are four records of trades at this price: two at 
3:29:30 PM, with a total of  895 shares; one at 3:44:51 PM, 
with 695 shares; and one at 3:49:39 PM, with 200 shares. 
In the Nanex data, there are also four trades recorded; 
although the volumes match those from TAQ, all of the 
records in Nanex data have the time stamp of  3:29:30 PM. 
The official SEC/CFTC report about the Flash Crash 
mentioned only two trades at 3:29:30 PM, with a total 
volume of 895 shares. Clearly, such a discrepancy is a 
serious issue. Increasing the data quality should be one 
important goal for improving the transparency and effi-
ciency of financial markets.

With respect to data management, we plan to fur-
ther investigate improvements of the HDF5 data layout 
and tune HDF5 and file system parameters to improve 
I/O performance and the efficiency of data indexing 
methods.

The current version of VPIN requires all trades to 
be present to determine the function Φ needed for the 
final normalization. We plan to develop a variation of 
VPIN for real-time computations. It may also be fruitful 
to evaluate whether using volume-time for binning can 
improve the effectiveness of HHI.

Quantification of the effectiveness of potential early 
warning indicators fundamentally relies on the ability to 
judge whether a warning is true or false and whether an 

E X H I B I T  1 2
Number of Data Records (quotes) per Date/Symbol Group for S&P 500 Quote Data for April 2010
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indicator has missed relevant anomalous behavior. We, 
therefore, plan to develop algorithms to automatically 
detect anomalies in historical financial data. Evaluation 
of market indicators and validation of designs and imple-
mentations of real-time market monitoring systems will 
also benefit from realistic high-performance simulations 
of financial markets.

CONCLUSION

This “early warning” line of inquiry begins to 
address a key question regarding the role of high-perfor-
mance computing in finance from a federal perspective: Is 
real-time high-frequency monitoring needed? The SEC/
CFTC has announced the intention to direct many billions 
of dollars from the financial industry to this effort, which 
has been criticized by others as unnecessary overkill.

We, and our collaborators, have come to believe 
that it is not overkill. Current post–Flash Crash regulatory 
approaches are based on “circuit breakers,” which suspend 
trading when price or volatility triggers set them off. These 
are very “blunt instruments” that do not allow the market 
to self-correct and stabilize, and they can easily make a 

bad situation worse. Our tests showed that VPIN, HHI, 
and similar indicators could provide early warning signals 
for a more gradual “slow down, rather than stop” replace-
ment for on/off circuit breakers. Our HFT and academic 
collaborators hold this opinion strongly as well.

This work explores a number of pressing issues 
in implementing such an “early warning” system, such 
as the need for sufficient computing power to generate 
the warning signals and the need for reliable and effec-
tive data. We demonstrate that techniques from data-
intensive sciences can address these issues. Furthermore, 
we believe that the same approach, likely with additional 
computation, is applicable in the area of financial market 
cybersecurity, which is widely acknowledged as impor-
tant but largely ignored in the regulatory debate.
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E X H I B I T  1 3
Time (Seconds) Needed to Evaluate 8,000 Queries Using Different Numbers of Processors on i) S&P 500 Quotes 
Data for April 2010 and with Indexing and ii) the Same Dataset with 10× Replication and with Indexing

Notes: Note the Log-Scale on the vertical time axis.
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1More information about NERSC is available at http://
www.nersc.gov/

2The particularly sharp rise in VPIN and HHI is directly 
linked to an unusually large trade at 13:36:07. The volume 
of this single trade was 470,300 shares, which is almost 10% 
of the average daily volume for ACN. The impact of such a 
large trade on VPIN and HHI needs to be further examined.
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