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Abstract

This paper outlines a powerful, yet flexible real-time data acquisition and control system for use in the triggering and measurement of
both analog and digital events. Built using the LabVIEW development architecture (version 7.1) and freely available, this system provides
precisely timed auditory and visual stimuli to a subject while recording analog data and timestamps of neural activity retrieved from a window
discriminator. The system utilizes the most recent real-time (RT) technology in order to provide not only a guaranteed data acquisition rate
of 1 kHz, but a much more difficult to achieve guaranteed system response time of 1 ms. The system interface is windows-based and easy to
use, providing a host of configurable options for end-user customization.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Kullmann et al., 2004; Poindessault et al., 1995; Pruehsner et
al., 2003; Sakatani and Isa, 2Q0the system presented here
Many neurophysiological studies require the precise was developed and optimized for oculomotor studies related
acquisition and control of analog and digital data. One of to neural control of coordinated eye-head movements and
the first well-known systems to accomplish this task was the saccade-blink interaction&andhi and Bonadonna, 2004
complex UNIX-based real-time (RT) application developed
for oculomotor experiments bilays et al. (1982)As new
applications have continued to emerge, however, many have2. Materials and methods
forsaken true (or “hard”) real-time control and response in
favor of simplicity, extended functionality, alternative operat- 2.1. System overview
ing systems, and/or user-friendly design. Those systems that
have maintained real-time support (e.g., TEMPO, Spike2) are  An overview of the system is shown Fig. 1 All time-
often costly, proprietary, and require additional code in order critical tasks including data collection and real-time control
to define specific experiments. The system introduced in thisare handled deterministically (i.e., within a guaranteed pe-
paper attempts to address all of these concerns by providingriod of time) by the real-time system. The RT system compo-
an open-source control and measurement system that comnents (National Instruments, Austin, TX) include a PXI-8145
bines a flexible, intuitive interface with true real-time power, real-time controller running a real-time operating system, a
accuracy and reliability. Utilizing the proven LabVIEW PXI-6031E 16-bit analog-to-digital card, a PXI-6533 dig-
development architecture (e.&Kopdosky and Dye, 1989; ital input/output card, and a PXI-6602 counter/timer card.
These components share a common backplane via a PXI-
* Corresponding author. Tel.: +1 412 647 5269; fax: +1 412 647 0108. 1000B chassis, allowing for all input tasks to be triggered via
E-mail addressbryantcl@upmc.edu (C.L. Bryant). a common pulse and thus insuring proper synchronization of
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Fig. 1. System overview. All time-critical processes are handled by the real-time system running a deterministic operating system. Nocafitasksridire
managed by the host system running a general-purpose operating system (e.g., Windows). The two systems communicate over a TCP/IP consleetion establi
between them, resulting in a complete system that is deterministic, yet simple to use.

the system. Tasks that are less time-critical such as data disposition data are recorded (at 1 kHz), as are neural discharge
play, user interaction, and file storage are handled by the host(i.e., spike) times (spikes are recognized as digital pulses out-
system (where real-time operation is neither needed nor en-put from a window discriminator and are timestamped by the
forced). The host system consists of a standard PC (Dell Op-PXI-6602 counter/timer card with a resolution of 20 MHz).
tiPlex GX260, 2.4 GHz Pentium 4 processor, 512 MB RAM) At present, two additional user-configurable analog channels
running Windows 2000. Communication and data exchange may also be recorded and displayed (at 1 kHz) during trial
between the RT system and the host system takes place oveexecution.
a TCP/IP connection established between the two systems.
During typical system operation, a user configures orloads 2.2. Deterministic (real-time) control
a set of trials (defined by “state tables”; described in Sec-
tion 2.3) on the host, along with various system parameters A key feature of this system is its real-time capability. In
referenced by the trials. These trials and parameters are suberder for a system to be designated as a “real-time” system,
sequently downloaded to the RT system, which repetitively it must provide fordeterministiccontrol of events; that is,
selects specific trials from the downloaded set for execution. events must be handled within a guaranteed period of.time
To keep interaction with the system simple and intuitive, this In general, obtaining deterministiata acquisitions a trivial
downloading process is transparent to the user, who interactdask, as most data acquisition hardware components possess
with the host system as if it were standalone. Changes to theor simulate dedicated clocks and buffers that allow for deter-
system may be made while trials are being executed, allowingministic acquisition rates. Deterministiesponse timehow-
for on-the-fly updating of all system elements. ever, is much more difficult to achieve, since it requires more
A typical trial consists of the systematic display of red, advanced programming, thread management techniques, and
green, and/or yellow “targets” (i.e., light emitting diodes) for the use of a real-time operating system (RTOS). The major-
specified periods of time or until certain target window condi- ity of current mainstream operating systems (including Mi-
tions are satisfied by the subject’s eye and/or head positionscrosoft Windows ¥enturcom, 200Bare designed as general-
(see Sectior?.3 for a description of target window condi- purpose operating systems (GPO®)t real-time operating
tions). Digital outputs may also be activated at user-specified systems, in order to offer optimum flexibility and ease of
intervals within the trial, perhaps to provide other stimuli or use. Therefore, their exclusive use wouldt be sufficient
to deliver rewards. While the trial is running, eye and head to produce a deterministic system. General-purpose operat-
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ing systems are advantageous, however, in that they usuallyplaced in the code, thus verifying proper error reporting and
offer a much more user-friendly interface than do real-time recovery.

operating systems, which are traditionally more difficult for

users to interface with due to the requirements of a real-time 2.3. Flexibility—trial (state table) definition

environment.

The system described in this paper leverages the positive  Customization is well supported within our system, al-
aspects of both real-time and general-purpose architectureslowing a high level of control over general system elements
By running all time-critical tasks on a real-time framework as well as over the configuration of individual trials. Perhaps
(LabVIEW RT), while transparentlyinterfacing with that the greatest power and flexibility of the system is found in
framework via a standard general-purpose architecture (Mi- its concept of and utilization of th&tate tablgbased on the
crosoft Windows), our system guarantees fully deterministic “state set” conceptintroduced biays et al., 198R The state
operation (i.e., deterministic data acquisition as well as deter-table dictates the execution of a specific trial and follows a
ministic response time), while remaining flexible, intuitive, stepwise format whereby deterministic trial execution begins
and user-friendly. with the first step and proceeds through the steps (branching

Real-time behavior is monitored on our system via the asnecessary)according to the parameters defined within each
dedicated sampling clock on the analog-to-digital card (PXI- step. This format provides for an unlimited number of pos-
6031E). This clock servestotime the 1 kHz analog data acqui- sible trials (each of unlimited length), allowing the system
sition as well as to establish the 1 ms response-time deadlineto be used for a wide range of experiments. State tables are
Should a timing deadline be missed by the system during constructed using the integrated state table edtigr @) and
any trial (as detected by special library support in LabVIEW may be saved into separate state table (*.trl) files for reference
RT), an error is reported to the user and logged for that trial by the system.

(if logging is enabled; see Secti@2), and the system con- Each state table incorporates several user-specified param-
tinues executing the next trial. While the system was able eters within each step. First, each step may be given a unique
to execute without any deadline failures for the constraints Step Labefor use as a reference when branching within the
(number of channels, sampling rate, etc.) described in this state table. Secondly, the timing properties of each step are
paper, we were able to force deadline failures using delaysdefined by theStep Time TypandMaximum Step Timpa-

[ Host Edit State Table.vi x|
File Edit
Targets To Display TTL Outputs
Step Label
Number of Targets [} 2 Mumber of TTL Outputs .'.; 1 Window Check Type
4 s
. 1 Window Conditions Held
Step Time Tipe Targl T | Green T Air Puff 3= ‘ s
. Max. Step Time {ms) Targ2 T velow
Variable window Check
J . 10 Pass Line Jump
Fixed
Mext g
Table Success? window Check
Ves Gaze Target Targl 3 ] Fail Line Jump
J Head Target None X ] Abort ~A
. No
| I t Step Beft ‘ | Insert Step After ‘ | Update St: ‘ | R St ‘ | hote e
nsert Step Before S D pdal ep emove Step II{
Current State Table Name:  O_OAPUFf_A
Step | StepLabel | Step Time | Max. Step | Target Mames | Target | Gaze Head | TTL Outputs Window Check Type I Wwindow Check | Window Check | Table ||
No. ! Type Time Colors | Target | Target Pass Line Jump | Fail Line Jump | Success?
5 | Variable | Delay Targl Green | Targl MNone Window Conditions Held Mext Abart Mo
6 Variable | A Targl Green | Targl Mone ‘Window Conditions Held Next Abort. Mo
Targ2 Vellow |
10ms C Targl MNone Air Puff window Conditions Held Abart
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| bl |Targ2 Yelow | | ,‘A,,,,,i,,fﬂ,,,,fﬁ,, — 2 | |
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10 Variable | Fix2 Targ2 Yellow | Targz None | ‘Window Conditions Held Next Abort Mo
11 Fixed 300 ms Mone None | Reward No Window Condition Check | End End Ves
12 | Abort | Fixed 1000 ms | None Nore | | No Window Condition Check | End End ho
| [ | | | |
Current State Table File Path: % C:\Monkey Lab SoftwareiHost Controller Software|Head Restrained TraininglO_OAPUFF_A_1.trl

Fig. 2. State table editor. An integrated, easy-to-use state table editor allows the user to create and save an infinite number of possibledutds feitéin
the system.
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rameters, which specify the maximum duration of the step as Target” and “Head Target” parameters, respectively (window
either a constant time interval value or a variable defined by characteristics are specified by the “targets” system parame-
the “intervals” system parameter (see Secfiof). ter; see SectioR.4); and (3) Window Conditions Held—in
The characteristics of the visual targets to be displayed order to succeed, the eye and/or head positions reosin
during each step are specified by Taeget NameandTarget within user-specified windows surrounding the targets de-
Colorsparameters, where a subset of the targets available forfined by that step’s “Gaze Target” and “Head Target” param-
display (as defined by the “targets” system parameter; seeeters. If a step is completed successfully, each st&islow
Section2.4) is selected, along with the colors (red, green, or Check Pass Line Jungarameter indicates which step in the
yellow) to be ascribed to each selected target. Additionally, current state table to execute next. However, if a step is not
the TTL Outputsparameter specifies a subset of the digital completed successfully, each stepgdow Check Fail Line
outputs available (as defined by the “TTL outputs” system Jumpparameter indicates the next step to be executed. Fi-
parameter; see Secti@¥) to be enabled during each step.  nally, theTable Succegsarameter specifies whether the state
To make conditional branching possible within the state table as a whole (i.e., the trial) is considered to be passed or
table, each step also defined/mdow Check Typgarameter. failed based on the successful completion of that step.
This parameter defines the nature of the relationship that the
recorded eye and head position signals must have relative ta2.4. Flexibility—system parameter definitions
targets defined by that stej@®mze TargeandHead Targepa-
rameters for successful completion of the current step. Three A myriad of configurable parameters is available for com-
window check types are available: (1) No Window Condition prehensive control and tailoring of the system environment.
Check—norelationshipis required and the step is always suc-All customization is accomplished using intuitive Windows-
cessful; (2) Window Conditions Met—in order to succeed, based elements (menus, dialog boxes, ekig—3). Different
the eye and/or head positions masterinto user-specified  system configurations may be saved into separate configura-
windows surrounding the targets defined by that step’s “Gazetion (*.prm) files for easy recall of individual experiments.

B! Host Edit Time Constants.vi il x|
Interval Definition
|
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Penalty A
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Trial Filepath Head signal = Raw Head signal * Gain + Offset

Al Trace Y-Axis Maximum: 1} 40.00 Y X y s
Cbonkay Lt softvrerel — lt(oea) 0.0 Vertical Head Offset (Deg) 4 0.00
Host Controller Software), v b
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1
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< Remoy 3 5 fjlustments alter the Evelid signals according to the Following Formula:
Spike Trace Y-Axis Maximum: 'J} 1500,00 v " Eyelid signal = Raw Eyelid signal * Gain + Offset
— .
Spike Trace Y-Axis Minimum: ) 0.00 5500 t (Deg) 'j 0.00 Eyelid Gain ) 1.00
View/Edit Trial
S Flow Signal Adjustments E—
fustments alter the Flow signals according to the following Formula:
g Save s Fow signal = Raw Fow signal * Gan + Offset
Trial Probabity (%) ©f 75.00 Save Changes Cancel _
e Ea t(0eg) ¢ff 0.00 FlowGain 1) 2.0
Trial Maximum Repeats rJl [t}
! Save Changes I | Cancel .

Fig. 3. System parameter editors. Intuitive, point-and-click interfaces allow the user to customize system behavior quickly and easily. Mauay aystters
are available for modification, giving the user comprehensive control over his operating environment.
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_iolx Trlal-typ_e parameters (configured via the main control
Fle Intervals Targets Triaks Sianals [EIEEER Plotting panels Tn_als meng) allow the user to_control the exe-
RO Trals Ctrl+T cution of trials. In this parameter set, thials parameter
s T—— specifies the set of possible state tables that may be exe-
Trial #: 3695 "Reward" Count: 2560, oot (M9 NUMBER... i i ;
Tril #: 3634 "Remard" Count: 2560, Show Calbration Windaw.. cuted by the system, along wlth a Probabmt'y of. exec'gnon
Trial #: 3693 "Reward” Count: 2560,  Show Current Parameters Window... for each selected state tableid. 3—“Host Edit Trials vi
Trial #: 3692 "Reward" Count: 2560, . . . .
Trial #: 3691 "Reward” Count: 2560, Edit PushbuEton Parameters... panel). To prowde_forthe_automatlc_ shutoﬁ_of tngl execution
Trial #: 3690 'Reward” Count: 2560,  Edji | D Board Parameters... for an unresponsive subject, theaximum trial failurespa-
Trial #: 3689 "Reward" Count: 2560, = e . i
Trial #: 3685 “Reward" Counk: 2560, 2976 Trial Name: No_Puff rameter specifies the maximum number of consecutive state
Trial #: 3687 "Reward" Count: 2560, 2976 Trial Mame: Mo_Puff H : H H _
Trial 1 3686 "Reward” Count: 2560, 2976 Trial Name: No_Puff table fallures that may occur before trial execution is au
lr!a:f - :Eewargjj S e ?!a: Home: ED‘EUFE tomatically turned off (see the “Table Success” state table
Trid #: 2633 "Reward® Count: 2560, 2076 Trial Name! Nﬂ:pﬂff parameter description above for a definition of state table
LA & o Fenart Eotntiiant, ¢06. fol sl o bl = failure).
User-selectable modification of system input and output
LogData?  Trial Logging Directory &= |

is handled via the followingignal-typeparameters (found
C:\Monkey Lab Software\Host Controller Software), = . Y de: " .
) 9 DATAFILES\WL101703 under the main control panel S Slgnals menu). Tﬂ'@nal
o = modeparameter delineates whether only eye, only head, or
both eye and head data are recorded during trial execution.
The signal adjustmentgparameter specifies gain, offset,
and other correction values to be applied by the system

_ _ _ _ _ _ to incoming analog signalsF{g. 3—"Host Edit Signal
Fig. 4. Main panel. The main panel is the primary interface to the system,

providing access to system parameters, control of trial execution and data'A‘dJUStments vi . panel). These valu_es m_ay be _adJUSted
storage, and reports on general system behavior. manually or set in an automated fashion using an integrated

auto-calibration feature that continually calculates and
records optimum adjustments during trial execution. The

System parameters are accessible from the main controlsignal nameparameter allows the user to give custom names
panel menubarHig. 4) and fall into six overall categories. to the two user-selectable analog signals recorded during
Interval-type parameters (configured via the main control trial execution. The number of degrees corresponding to one
panel’s “Intervals” menu) allow the user to define timing volt on the analog-to-digital card is set by tHegrees per
properties utilized within the system and include the defi- volt parameter. Finally, th& TL outputgparameter specifies
nition of aninter-trial interval (a set of possible time du- the set of possible digital outputs that may be referenced
rations that may elapse between consecutive trials) as wellby a state table’s “TTL Outputs” parameter. TTL outputs
as definitions of standarihtervals (i.e., the variable time  are defined as a collection of digital lines (when one TTL
intervals referenced within each state table step by the “Max- “output” should be output on multiple lines), along with a
imum Step Time” parameter (described above)). Standard in-probability associated with each line.
terval variables may be defined in either list mode, wherethey  System-typparameters (set via the main control panel’'s
are defined as sets of possible time durations, or in formula“System” menu) allow customization of overall system hard-
mode, where they are defined as arithmetic combinations ofware. To enable manual delivery of stimuli or rewards, a
constants and/or other interval variablegy( 3—"Host Edit manual pushbutton may be configured using plushbut-
Time Constants.vi” panel). ton parameterswhich allow selection of one TTL output

Target-typeparameters (accessible from the main control defined by the “TTL Outputs” system parameter to be out-
panel’s “Targets” menu) dictate characteristics of the visual put for a user-specified duration whenever the pushbutton
targets (i.e., LEDs) presented by the system. Within this setis depressed. The LED array used to present visual stimuli
of parameters, a series @irgets(i.e., variables that may be  may also be customized using thED board parameters
referenced by a state table’s “Target Names” parameter) maywhich specify LED array dimensions (number of rows, num-
be defined for use in trial execution. In a fashion similar to ber of columns, distance between rows, distance between
interval definitions, targets may be defined in either list mode columns).
(as a set of possibl&/Y coordinates) or in formula mode (as Finally, plotting-type parameters (accessible from the
an arithmetic combination of constants and/or other target main control panel’'s “Plotting” menu) allow for the tailor-
variables). Targets may also define a circular window that ing of graphical output displayed by the system. Within this
may be referenced by each state table step’s “Window Checkparameter set, th&ace plot initial stepparameter delin-
Type” parameter. In addition to target definitions, target-type eates the state table step at which to begin display of trial
parameters also includetarget limit specification, defining  data on the trace plot, while theace plot offsetparam-
bounds set on possible target coordinate locations, as welleter specifies the offsets to be placed on each analog data
as whether targets that exceed those bounds are ignored atrace found on the trace plot (see Sect®bhfor a descrip-
coerced to be within those specified. tion of plots displayed by the system). Maximum and min-

Monkey Name | willie]
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Fig. 5. Trace/XY plots. The trace plot (above) presents temporal traces of analog data retrieved during execution of a single trial (note thidisehaeye
data was simulated by manipulation of a frequency generator). The XY plot (below) displays system behavior (e.g., target color/placemeye, jsokijém e
target windows, etc.) occurring in the spatial domain.



C.L. Bryant, N.J. Gandhi / Journal of Neuroscience Methods 142 (2005) 193-200 199

imum axis values to be placed on the trace and XY plots P[] et
are defined using theace plot axis limits(Fig. 3—"Host = >
Edit Trace Plot Axis Limits.vi” panel) anXY plot axis lim- Current State Table Name
its parameters, respectively. Finally, thesplayed TTL out- Mo e
put countparameter selects one TTL output defined by the =
“TTL outputs” system parameter whose count (i.e., the num- | Currently Selected Intervals
ber of times that TTL output has been output since the sys- Interval Name Interval Value (ms) | &/
tem was started) is to be displayed on both the trace and XY Fix 200
plots. Delay 50
Gap 150
Wit 175
A 150
3. Results B 40 Y|
The system handles data output in two formats. At all | Currently Selected Targets
times, current system activity is presented in graphical format Target Name % Position (Deg) | ¥ Position (Deg) | 4
by way of various plots and status displays. In addition, all Targl 6.00 6.00
trial-specific output may be saved to file during trial execution TArce zifd 10,00
for archiving purposes as well as for future analysis.
3.1. Graphical output =

Four plots/status displays serve to continuously feed all
system activity back to the user. Since data display takes place

the host t hich isot I-ti . ¢ Fig. 6. Current parameters panel. While trials are executing on the system,
on the host system (which it a real-time environment), the current parameters panel displays those specific values selected by the

updates to the graphical displays avet required to take system to replace any variables defined within the current trial.
place deterministically. However, during our experiments lag

between system display and actual system activity was rarelyof these values). Furthermore, while trials are being executed,

perceptible. theCurrent Parameters Panélisplays the current state table

Pl \ivr']:'.le t5r|?ls (ie., stattettables) la;re exec;]tt;]ng, ﬁrlace dat (i.e., trial) name, as well as the specific system parameters
ot (Fig. 5 top) presents temporal traces of the analog da 4 selected by the system to support any variable entries within

acqgired during the curren.t. trial (including horizontal ap_d that state table.

vertical eye and head positions and the two user-specified

analog inputs (named “Eyelid” and “Flow” in the example

figure below)). Neural discharge rate during the current trial 3-2. File output

(spikes/s) is also displayed on the trace plot, as is the on-

set of each of the current trial’s state table steps relative to  Saving of trial-specific data files may be enabled or dis-

the data acquired. The trace plot header indicates the currenbled based on user selection. If enabled, the system saves

trial number (i.e., a value incremented whenever a state tablethe following files for each trial into a user-specified storage

is executed), the name of the state table currently being exe-location: (1) *.alg file—contains the analog data (at 1 kHz res-

cuted, and the current value of the TTL output count specified olution) acquired during the trial, (2) *.spk file—contains the

by the “displayed TTL output count” system parameter (as neural discharge timestamps (at 20 MHz resolution) acquired

described above). relative to the start of the trial, (3) *.trn file—contains the state
TheXY Plot(Fig. 5 bottom) displays currenthead and eye table step transitions and transition times (at 1 kHz resolu-

position at all times. Additionally, while trials are executing, tion) relative to the start of the trial, (4) *.par file—contains

the XY plot indicates any currently displayed targets, as well the configuration ofll system parameters at the time the

as the windows configured around each target. As with the trial was executed, includingll available state tables aal

trace plot, the XY plot header presents the current trial num- available parameters to support those state tables, (5) *.tbl

ber, current trial name, and current TTL output count. file—contains thespecificstate table selected (from within
Two other displays utilized by the system to provide trial the current configuration) and executed for the trial, as well
execution feedback are théain Panel(Fig. 4) and theCur- as thespecificsystem parameters selected to support that state

rent Parameters PandFig. 6). In addition to providing the  table, (6) *.msc file—contains miscellaneous trial data, such
primary control/customization interface for the system (See as the trial start time and the trial state table SuUcCcCess, and
Sectior2.4), theMain Panelalso reports all system errorsand  (7) *.err file (if created)—contains the description of any er-
(when trials are executing) reports the trial number, final TTL ror encountered during execution of the trial. All output files
output count, and trial name of the most recently executed e€xcept the *.msc file are saved in binary format in order to
trial (see the “Trace Plot” description above for a description Optimize disk space requirements.
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4. Discussion put by the system is available to be saved for future review
and analysis. Comprised primarily of off-the-shelf compo-
4.1. Maximum capabilities nents and open-source software, the system is reliable and

easily reproduced at low cost.

The system software is highly expandable, allowing an  Future plans for this system include the addition of more
unlimited number of time intervals, state tables, and TTL analoginputchannelsto be available for recording during trial
outputs to be configured, saved, and referenced throughougexecution, analog output capability, and an online analysis
the system. An unlimited number of targets may also be con- feature that will perform and report specified data analysis
figured; however, due to an LED board design that allows for routines as trials are executing.
only a single LED to be displayed at any one time coupled
with a system refresh rate of 1kHz, flicker on our system
becomes visible when more than 30 targets are displayed si-Acknowledgements
multaneously.

Currently, the system supports up to six analog inputchan-  We would like to acknowledge Jim Buhrman, Chris Keat-
nels (each sampled at a fixed rate of 1 kHz) and a single chan-ing, and Tim Nolan for their expert hardware support, Kathy
nel for recording neural discharge times (sampled at a fixed Pearson for her aid in software development, and Desiree
rate of 20 MHz). In addition, 16 digital output lines existthat Bonadonna and Frank Phelps for their assistance in system

may be switched at a maximum rate of 1 kHz. operation and testing. In addition, we would like to acknowl-
edge the laboratories of David Sparks and Paul Glimcher for
4.2, System requirements the development of control strategies that served as a starting
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