
' Description of FDAS 

End-Use Load and Conservation 
Assessment Program 

ELCAP 

Attachment 2 

BPA 
US. Department of Energy 
Bonneville Power Admm1strat1on 

October 7985 



DISCLAIMER 

This report was prepared as an account of work sponsored by the U.S. Department of 
Energy, Bonneville Power Administration. Neither the U.S. Department of Energy nor 
any agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, completeness, 
or usefulness of any information, apparatus, product , or process disclosed, or 
represents that its use would not infringe on privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the U.S. Department of Energy or any agency 
thereof. The views and opinions of authors expressed herein do not necessarily state 
or reflect those of the U.S. Department of Energy or any agency thereof. 

This report has been reproduced directly from the best available copy. 



DOE/BPA/13795-4 

END-USE LOAD AND CONSERVATION ASSESSMENT PROGRAM 
DESCRIPTION OF FIELD DATA ACQUISITION SYSTEM 

FOR BUILDING ENERGY r10NITORING 

By 
S. D. Tomich 

G. J • Schuster 

October 1985 

Work Performed Under 
a Related Services Agreement with 

the U.S. Department of Energy 
Contract No. DE-AC06-76RLO 1830 

Interagency Agreement DE-AI79-83BP13795 

Prepared for 
Bonneville Power Administration 

Prepared by 
Pacific Northwest Laboratory 
Richland, Washington 99352 

Operated for the U.S. Department of Energy 
by Battelle t1emorial Institute 





SU~1MARY 

This report describes the design of an end-use electric energy metering system which 
was developed for the Bonneville Power Administration 1 s (BPA) End-Use Load and Con
servation Assessment Program (ELCAP). This large-scale data collection effort 
encompasses 1000 buildings of various complexity distributed throughout BPA 1 s four
state service area. An application of this scope required a field deployable, 
multichannel data logging system capable of very low-cost watt metering. In 
response to BPA 1 s programmatic requirements, Pacific Northwest Laboratory (PNL) 
developed and refined a field data acquisition system (FDAS) based on state-of-the
art microprocessor technology and using voice-grade telephone communications for 
data retrieval and communications. 

The FDAS consists of a standard electrical enclosure that houses the power supply, 
telecommunications modem, data logger components, and a complement of customized 
watt-metering circuits. Two versions of the FOAS were developed for the ELCAP, an 
analog 16-channel residential unit and a digital 56-channel commercial unit. The 
commercial unit design was driven by the need to develop a lower cost watt-metering 
circuit for monitoring commercial buildings, for which the overall cost per channel 
becomes the principal factor in investment capital. Both designs contain the same 
central microprocessor-based circuitry, modem, enclosure, etc., and only differ in 
the technique implemented for watt-metering. The differences in the two designs are 
explained at some length in this report. In addition to the watt-metering function, 
every FDAS is capable of accommodating standard meteorology sensors which enable it 
to acquire weather data to be factored into analyses of energy consumption data. 

The technology implemented on the FDAS centers on the use of a Motorola single-chip 
microprocessor with additional battery-backed memory for data storage. A standard 
serial interface on the microprocessor allows the unit to connect to a modem for 
telecommunications and is also used on site for installation checkout. Special 
signal conditioning circuits allow direct connection of commercially available 
meteorological sensors with the FDAS. The watt-metering consists of voltage and 
current sampling transformers whose signals are input to customized circuitry. This 
circuitry performs a real-time multiplication of the voltage and current, which 
yields a voltage that is directly proportional to watts. This voltage is then 
converted by the FDAS into a number and can be accumulated for conversion to watt
hours. 

The operation of the FDAS is dependent on a number of control parameters that are 
provided by the data acquisition software, which is written in microcode. This 
software provides the unit with a software clock which is used to set the integra
tion periods for data acquisition. Data are accumulated for each individual channel 
and stored in memory based on preset intervals determined by the unit 1 S parameter 
set (or control parameters). These parameters can be set remotely, using the tele
communication modem, and are used to specify not only the data collection interval 
but other important parameters as well. Each FDAS is interrogated at regular inter
vals by a central computer at PNL, which also performs routine checking of the soft
ware clock and data collection parameters. During the initial installation the 
parameter set is placed on very high data resolution (e.g., 5-minute intervals), and 
later placed on one-hour intervals once the installation has passed a rigorous 
quality assurance check. The ability of the FDAS to be remotely programmed with 
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data collection parameters and to retrieve data via standard voice-grade telephone 
lines represents a significant design advantage for a study of this kind. 

The FDAS is proving to meet the requirements established for ELCAP's comprehensive 
data collection effort. Overall reliability of the system has been excellent, with 
the current equipment accumulating well over 1 million hours of operation and having 
negligible failures. This network, using telecommunications for remote programming 
and data retrieval, is one of the largest of its kind, involving highly automated 
collection of discrete data. The individually metered channels provide unique capa
bility for energy use analysis, and will build a powerful data base for analysis of 
energy demand and conservation issues in the Northwest. 
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1.0 INTRODUCTION 

Direct metering of electrical energy flows to specific end-uses in both residential 
and nonresidential buildings is an important adjunct to any effort to evaluate pos
sible conservation savings as a result of weatherization or equipment optimization 
measures. In addition, metering can often represent the most reliable and low-cost 
means of determining the weekly operating schedules required to model the building 
with such engineering simulation tools as DOE-2. In order to support a number of 
building studies sponsored by both the Bonneville Power Administration (BPA) and the 
Department of Energy (DOE), an effort was initiated at Pacific Northwest Laboratory 
(PNL) to develop a low-cost procedure for carrying out such metering. 

Early efforts concentrated on assembling systems composed of commercially available 
co~ponents so as to attain an optimum trade-off between cost and performance for the 
field data acquisition unit. After several disappointing pilot studies, a decision 
was made to engineer a microprocessor-based field data acquisition system (FDAS) 
tailored for the specific job of metering electrical energy flows in buildings. 
Data applications dictated that the field unit should have the following 
characteristics: 

o It should be sufficiently flexible to permit the metering of as many 
circuits as necessary at a given site to provide the desired level of 
end-use disaggregation and redundancy in measurement . 

o It should permit the acquisition of data at a variety of temporal 
resolutions, ranging from intervals short enough to monitor the 
behavior of electrical equipment with short cycle times to hourly or 
lower resolution data collection. If possible, it should permit 
remote adjustment of the measurement resolution. 

• It should be reliable, maintaining its performance over extended 
periods in the field without requiring adjustment. 

o It should be sufficiently inexpensive to permit metering of a large 
sample of buildings at reasonable cost. 

o It should have nonvolatile, solid state memory and permit the remote 
acquisition of data. 

o It should permit measurements with an accuracy at least equal to that 
of utility-grade meters. 

• It should be capable of supporting a variety of instrumentation , 
including not only current and voltage sensors but also meteor
ological devices. 

The most recently completed data logger system, designed to meet these requirements, 
is currently being deployed in BPA's End-Use Load and Conservation Assessment 
Program (ELCAP), an end-use metering study of 1000 residential and commercial build
ings in BPA's service territory. This document provides a functional description of 
the FDAS designs resulting from this support. 
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2.0 FDAS HARDWARE 

This chapter on the hardware describes in some detail the functionality of the FDAS. 
Its primary components are the logger printed circuit board, the modem printed cir
cuit board, and two watt meter printed circuit boards. (The watt meters and the 
other sensors used in the FDAS are described separately in the next chapter.) Each 
of these components undergoes a rigorous testing phase before they are assembled 
together, and the final a~sembly is calibrated and numbered serially for tracking 
purposes. The system also includes a de power supply, sampling transformers, fuses, 
and the ac input terminal blocks. These components are mounted to a single anodized 
aluminum panel for easy assembly and testing and for quick removal and replacement 
during installation and repair. All components are then placed in a standard elec
trical enclosure, and the modem board is mounted to the door (Figure 1). 

All system interconnects are accomplished with standard industry insulation dis
placement connectors and ribbon cable or, in the case of power cables, 18-gauge (UL
listed) stranded interconnect wire. The unit was carefully designed to route all 
high-voltage wire away from low-voltage sections, and wire harnesses were securely 
fastened using standard industrial techniques. 

2.1 FDAS LOGGER PRINTED CIRCUIT BOARD 

The main logger board is the heart of the FDAS. It contains the microprocessor, 
which has the software needed to run the logger, as well as interfaces to each watt 
meter board. This board also provides a standard serial link to the modem board, 
which enables the FOAS to use an ordinary telephone line as a means of receiving 
commands from and transferring data to a central data acquisition computer. A block 
diagram of the main logger board is given in Figure 2. 

The central processing unit (CPU) runs a program (described in Chapter 4) that 
acquires data periodically from each watt meter board and stores these data in 
nonvolatile memory. Sixteen kilobytes of data storage are available in this memory 
section where data are accumulated for each input channel. Data for each channel 
are collected by converting the watt meter's analog signal into a digital number 
using an analog-to-digital (A/D) converter; these converters are co~patible with the 
8-bit microprocessor bus and have 16 multiplexed inputs each. Thus, each logger 
board has the capability of using four A/0 converters, with 16 channels each, for a 
total of 64 analog input channels. A few of these analog input channels are usually 
provided with additional circuitry to enable the logger to collect meteorology data, 
including wind direction, inside and outside air temperature, horizontal solar 
radiation, and humidity. The CPU selects each of the 16 channels of each A/0 
converter and converts the 0-5 V de signal at its input to a single 8-bit number. 
This number is then stored in memory and accu~ulated into totals for data reduction 
and storage. Providing the A/D converters with an analog reference voltage is a 
precision reference that can be preset for accuracy at the time the logger is 
calibrated. 

The CPU is a Motorola MC68701 single-chip microprocessor that has 128 bytes of 
Random Access Memory (RAM), 2048 bytes of Erasable Programmable Read Only Memory 
(EPROM), 29 parallel input/output lines, a serial communications interface, a 16-bit 
programmable timer, and an enhanced version of Motorola's MC6800 instruction set. 
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This microprocessor chip uses a 4.9152-MHz crystal oscillator, which gives it a 
fundamental bus frequency of 1.2288 MHz. This frequency was chosen to provide the 
integral serial port with the correct time base for various serial communications 
data rates (baud rates). The serial communications port is programmed for 1200 baud 
and is used to interface directly with the modem. 

The 16,384 (16K) bytes of memory are implemented by using eight 2K Complementary 
Metal Oxide Semiconductor (CMOS) RAM chips that are configured in a battery-backed 
protection circuit. If power is lost to the FDAS, the battery-protected memory 
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retains data as well as time and date, thus enabling accurate data retention through 
the power outage. In addition to this memory protection function, the CPU is pro
grammed to dial out via the modem to the central computer, signaling power outage 
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and providing its identification number. The FDAS resumes logging data after the 
power outage, and the time is reset by the central computer shortly after the con
dition is detected. A special reset circuit was designed that detects brownout 
conditions in advance of power failure and holds the CPU in a reset condition to 
prevent random accessing of program or data storage. Once power is restored, the 
CPU is released to execute its program under normal conditions. 

Three independent digital input devices, or Parallel Interface Adapters (PIAs), give 
the FDAS an additional 48 channels of digital input capability. These PIAs allow 
external monitoring or control of devices that use a standard Transistor-Transistor 

-Logic (TTL) or 5-V interface. The CPU is programmed to count pulses at the PIA 
inputs at rates up to 75 cycles per second; this enables the FDAS to accept input 
from devices such as pulse-initiating watt-hour meters. This additional parallel 
capability enables the FDAS to be coinstrumented with other energy-monitoring . 
equipment or to act as the remote data logging unit for studies that use these 
devices. Two of these digital inputs have conditioning circuits to convert sine 
waves generated by wind speed anemometers to digital inputs. 

2.2 MODEM PRINTED CIRCUIT BOARD 

The modem board provides a mounting for an intelligent modem module (currently 
Cermetek 1760t), which translates the main logger board•s 1200-baud serial data into 
frequencies that can be sent over a voice-compatible telephone line. In this way 
the logger board can communicate with a central data acquisition computer over a 
great distance, thus obviating the need for routine manual data collection visits. 
The central data acquisition computer, which has its own modem, can dial up each 
remote FDAS and set data collection parameters or issue other commands and retrieve 
data from the unit on a routine basis. If the FDAS must contact the central com
puter, the modem provides the capability for the CPU to dial out and contact the 
central computer for immediate attention (e.g., during a brownout or power outage). 
The modem board also contains various status lights that indicate modes and condi
tions, which alert the installation teams to the status of the FDAS and aid in 
troubleshooting communications problems. 

2.3 TESTING AND CALIBRATION 

Each of the major components is tested separately prior to final assembly into a 
unified system. The watt meter boards, described in the next chapter, are checked 
for functionality, and each channel must fall into an acceptable output range with 
various inputs applied. Power supplies are verified for correct output voltages, 
and each modem board is checked before the unit is placed into the enclosure. Each 
logger board undergoes a check to verify all analog and digital inputs. The 
meteorology inputs are given calibrated inputs based on expected values for an 
installation. 

After these components are installed in the enclosure, the entire system undergoes a 
final check and calibration. Each channel is calibrated with a precision ac refer
ence for the voltage sense and current sense. After calibration, the unit is 
numbered serially; this number is recorded on the calibration sheet for trace
ability. Additionally, each microprocessor chip is programmed with a unique ID 
number in its EPROM; this number provides a means of identifying each logger as it 
calls in during power outages. 
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3.0 SENSORS 

The sensors used with the FOAS can be grouped into two categories: 1) sensors that 
allow the logger to monitor electrical energy consumption, and 2) meteorology sen
sors, which allow the logger to monitor important parameters that may affect energy 
consumption in a building. A standard package of sensors would include energy use 
sensors, that is, the watt meter boards, and an indoor temperature sensor. 

3.1 ANALOG WATT METER PRINTED CIRCUIT BOARD 

The simplest way electrical power is supplied to a commercial building, and the most 
common way in a residential building, is a two-phase source in which the two volt
ages are out of phase with one another by 180 degrees. Each watt meter board has 
the capability of handling either of the two phases of power on any of the eight 
channels (Figure 3). With two watt meter boards, the unit shown in Figure 1 has 16 
channels for metering energy flows. With the addition of more watt meter boards, 
the unit can have power metering on all the analog channels if necessary. This 
design approach can be readily extended to three-phase commercial installations. 

The two reference voltages are brought into each watt meter board using line voltage 
stepdown transformers. These sampling transformers are attached to each voltage 
source and provide the reference voltages that are associated with the phases found 
in an electrical distribution panel. Current sensing is provided by installing a 
current transformer (CT) around each breaker wire to be monitored. These devices, 
which resemble a small plastic doughnut with two lead wires, are used by passing the 
wire to be sensed through the hole and attaching the two lead wires to the appro
priate channel input on the watt meter board. As current flows from the circuit 
breaker to the appliance or other load, the CT develops a voltage between the two 
leads proportional to the load current. 

Once the CTs are installed correctly and the appropri.ate voltage circuits are 
sampled, the inputs for each metered channel are monitored by a special power
metering circuit. The CT input develops 0.33 V (ac) when the CT is sensing current 
at its full-rated value. This voltage is stepped up with an amplifier, using a 
scaling resistor. The amplified voltage from the CT and the correctly sampled 
reference voltage are then applied to the inputs of an analog multiplier integrated 
circuit, which multiplies the voltage and current signals to produce an analog 
voltage that is directly related to the power for that channel. The analog voltage 
signal that represents power for that channel is then input to a 1-s time constant 
RC circuit; this provides an integrated input to the final amplifier stage, which 
produces a de level between 0 and 5 V. This de voltage is then coupled to the 
logger board for conversion to a digital number. Since the watt meter board was 
designed to obtain instantaneous voltage-current products, the numbers obtained 
represent the true power consumed for each channel input, and each channel's power 
factor is taken into account. The FDAS software samples each power-metering circuit 
three times per second and accumulates data based on watt-second units. This type 
of data acquisition provides power consumption data with very high resolution for 
each channel, as opposed to kilowatt-hour metering systems, which, although accu
rate, do not provide the same high resolution increments of power. 
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Metering commercial buildings with a three-phase source requires not only three 
reference voltages but also a larger number of channels. In order to accommodate 
these different conditions, we developed a different design for the watt metering 
circuitry than that designed for the analog FDAS. A variant of the analog FDAS 
utilizes a card cage consisting of a mother board and individual watt meter boards 
(Figure 4). The mother board can accommodate up to eight boards of eight channels 
each, for a total of 64 watt metering channels. Since the FDAS utilizes some or all 
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of the first eight analog channels for nonenergy sensing, the mother board 
complement usually varies from 32 to 56 channels of power metering for most 
commercial applications. 

The mother board in Figure 4 uses the transformed assembly to develop three 
reference voltages which are converted to two pulse outputs, one for the positive 
half-cycle of the waveform and one for the negative half cycle. These six pulse 
outputs, two for each reference voltage, are then routed along the mother board's 
backplate to be picked up by the watt meter cards, which have the CTs outputs 
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applied to them. As the amplitude varies from the transformer assembly, the pulse 
outputs respond proportionally and the resulting reference voltages contain the 
waveform information in a digital form. 

Scaling resistors are used to accommodate the use of the transformer assembly on 
circuits from 120 V up to 480 V. These scaling resistors must be selected precisely 
to provide the digital circuitry on the mother board with voltages within its capa
bility and directly proportional to voltages associated with the installation. As 
with the analog watt meter, the voltage amplitudes and phase relationships are 
maintained so as to provide real-time multiplication of voltage and current within 
the FDAS. 

Current inputs are brought into the digital watt meter cards in the same fashion 
that they are obtained for the analog watt metering circuitry, using the same sens
ing elements or CTs as shown in Figure 5. We made certain to design the digital 
metering circuitry such that it develops the same output values to the logger with 
the same power applied on any given circuit, with the result that the use of analog 
or digital watt metering is transparent to the logger board. The current inputs are 
used by the watt meter card to gate pulses selected from the mother board for summa
tion. Switches are provided on the watt meter card to select the pair of pulses 
from the mother board for each CT; therefore, each channel can be configured for any 
of the three phases. A scaling resistor is provided to adjust the full-scale range 
of the cT•s size as it does on the analog FDAS. The CT input, once adjusted for 
full scale, gates the reference pulses into an integration amplifier whose output is 
ribbon-cabled to the logger board. Since these reference pulses are proportional to 
phase angle and voltage amplitude, this digital method of watt metering provides 
accurate power measurements for which the power factor of a circuit is already 
accounted. 

This digital technique has proven to be accurate and parallels the analog approach 
in providing the FOAS the capability to acquire energy information in discrete 
form. The primary impetus behind the development of this technique was to provide 
lower cost watt metering and many more input channels to the system. This method 
reduced the watt metering cost per channel by a factor of two and allows for more 
system flexibility by installing watt meter cards as needed to accommodate a variety 
of installation complexities. 

3.3 CURRENT TRANSFORMERS 

Two different CTs were developed for use in the FDAS, although both operate on the 
same principle that all CTs conform to when used in this type of application. The 
primary wire or circuit to be sensed is passed through the CT, which has a core or 
magnetically permeable material, a winding to provide a ratio of primary to secon
dary current, and in the case of the FDAS, a resistor across the secondary to 
develop the voltage. Normal CTs develop a current through the secondary that is 
related to the current in the primary by the number of turns of wire around the core 
material. Placing a resistor across the secondary allows the ratioed current to be 
used in developing a voltage proportional to the primary current being sensed. This 
voltage is used in the watt metering circuitry to represent the current in the 
multiplication of values to achieve a product in watts. 
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The design used in most of the installations was the solid core or torroidal trans
formers, which are the least expensive. This CT resembles a black doughnut with 
8-ft lead wires. The torroidal CT consists of a grain-oriented, silicon steel core, 
which is wrapped with a winding to form a transformer secondary. Most transformers 
have both a primary and a secondary winding; however, the CT designed for the FDAS 
uses the electrical panel circuit as the primary; and the torroid, with its winding, 
forms the secondary. These CTs were built in three si~es--30 A, 100 A, and 400 A-
for sensing current flow in electrical panels. The 30- and 100-A sizes are used 
primarily on the feeder or circuit breaker wires, while the 400-A size is used on 
the mains or incoming power lines to the panel. The specific size selected for the 
circuit is based on the maximum expected current that the instrument might 
experience in normal operation. 

For most circuits involving the use of CTs, the wire to be sensed was removed from 
the circuit, passed through the solid CT, and then reconnected. However, in some 
cases circuits cannot be broken because they are inaccessible or equipment cannot 
have service disrupted. These situations required a split-apart or removable device 
which could be installed on a live circuit. This led to the development of a split
core or removable CT, which generally cost about three times more than the solid 
core CT. The split-core devices also come in an array of sizes--from 100 A through 
1600 A for very large circuits in commercial buildings. Commercial buildings 
require much larger amperage rated devices, and these high capacity circuits are 
very difficult to disconnect for CT installation. The split-core CT solved a number 
of problems in the commercial building installations, and their use enables the 
sensing of currents in circuits which are difficult to disconnect and might other
wise be impossible to monitor. 

The torroidal CT was constructed with an overall plastic housing for insulation from 
live circuit potentials and built to meet Underwriters Laboratories' (UL) require
ments for these devices. The process of obtaining UL recognition for the CTs 
necessitated some changes in design and material. Because of the newness of the 
application, IJL developed a special category for these devices and subjected them to 
several tests to determine fire, heating, ·and safety requirements for their use. 
They were subsequently recognized for use in electrical distribution equipment and 
could be placed on conductors without special mounting attachments where surface 
temperatures did not exceed 90°C. The split-core CTs have not yet received 
UL-recognition because of the material used in the housing. Several new methods of 
construction are underway, and designs which can meet the requirements of both UL 
and the project are being evaluated. 

3.4 FULL SENSOR COMPLEMENT 

In addition to the watt meters, the FDAS can be equipped with an indoor temperature 
sensor and with meteorological sensors to measure wind speed, wind direction, solar 
radiation, and outdoor air temperature. Sites with ~eteorological stations would 
also receive an indoor relative humidity sensor. The meteorological instruments 
would be mounted on top of a 30-ft pole to ensure that the effects of the building's 
envelope do not interfere with the instrument's performance. Signals from the 
instruments would be fed to special signal conditioning circuits within the FDAS. 

Indoor air temperature is measured by using a calibrated reference voltage across a 
resistor divider network containing a temperature-sensitive thermistor. This 
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thermistor (a Yellow Springs YSI 44006) provides an approximately linear resistance 
change versus temperature in the 0° to 30°C range. From this change the resistor 
divider network provides a temperature-dependent voltage which is input into an 
analog channel. Despite the slight nonlinearity in the resistance temperature 
characteristic curve and uncertainties due to an 8-bit digitization scheme, the 
combination provides temperature measurements with an absolute accuracy of ±0.5°C 
over this range. 

Wind speed is measured with a 3-cup drag-type anemometer (Weather Measure W200-SD) 
attached to the shaft of an ac generator. The anemometer has a usable range of 0 to 
100 mph with a 5% accuracy and a 1.33 mph resolution with the 8-bit A/0 converter 
system. The ac signal from this instrument is rectified into a square wave with a 
frequency proportional to wind speed. This digital signal is input to one of the 
digital channels on the data logger. 

The wind direction v~ne is mounted on a common axis with the anemometer and sup
ported on teflon thrust bearings. A wiper contacts a potentiometer to create a 
voltage divider network. This device has a 0 to 5 V (de) output for a rotation of 
0° to 360° clockwise from north. The resolution of the instrument combined with an 
8-bit data collection system is 1.4°. The accuracy also depends on an accurate 
determination of true north at the time of installation. 

A pyranometer (Li-Cor LI-200S) is used to measure the solar radiation that strikes a 
horizontal surface. A silicon photodiode is 2used as the sensing element with an 
output of near 80 u amps at full sun (1 kW/m ). Each instrument has its own ~harac
teristics and thus its own calibration constant. Typical resolution is 5 W/m with 
an accuracy of ±5% for incident angles of less than 80°. 

The outdoor air temperature sensor uses a special thermistor (Yellow Springs YSE 
44211A) in an active circuit to produce a linear response over a wide temperature 
range. The accuracy of the instrument is ±1.0°C over a range of -50° to 60°C. The 
outdoor air temperature sensor is mounted on the same pole as the meteorological 
station in a shroud that protects it from direct solar radiation. 

The indoor relative humidity sensor (Weather Measure Model 5131-A) is a variable 
capacitance instrument that provides 0 to 5 V (de) output proportional to 0 to 100% 
relative humidity. This instrument, like the indoor temperature sensor, is mounted 
on an interior wall and the resolution of the instrument is 0.4% relative humidity 
with an accuracy of ±5%. 

One additional sensor is used to monitor woodstoves used as space heating equip
ment. A thermocouple (Omega XC1B-111) placed in the chimney transmits a low voltage 
signal proportional to the hot flue gas temperature to the conditioning board when 
the woodstove is in use. This signal is amplified and recorded by one of the data 
logger's nonenergy channels. 
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4.0 FOAS SOFTWARE 

The FOAS software processes the signals from the sensors into average values and 
reports those average values on request; that is, it processes signals from a 
collection of sensors into values that are representative of a time interval. This 
software must perform the repetitive scans and data manipulations necessary for the 
measurements to constitute a well-defined, appropriate physical quantity and to 
allow the analyst to examine the performance of his apparatus and retrieve the mea
surements upon request without disturbing the data collection function. Note that 
the FDAS software does not reduce the data into its final form. The task of apply
ing calibration constants to the data is left to the central data acquisition 
computer. 

In order to perform the data collection and reporting functions, the FOAS software 
is organized into one foreground and five background tasks. The foreground task 
uses about half of the processing time and always assumes control whenever condi
tions require. The foreground consists of a collection of routines initialized by a 
timer. These routines receive and transmit characters to and from the modem. They 
keep time for the real-time clock; they perform all of the housekeeping functions; 
and, they schedule the background tasks. 

A collection of subroutines for the foreground monitors the 48 digital input lines 
for incoming pulses. These inputs are monitored 300 times per second by the fore
ground. If, in four measurements of a digital input, an 'up-up-down-down' pattern 
is detected, then a 1-byte counter is incremented. Signals from pulse-initiating 
sensors are monitored by these routines. 

The five background tasks are organized into tasks of decreasing importance. These 
tasks receive processing time only when the foreground makes it available. The data 
accumulation that occurs within the integration period is the highest priority back
ground task. The integration period is the interval of time over which the signals 
from the sensors are averaged; it is selected by the user and can be set to any 
integer number of seconds from 1 minute to 18 hours. This integration period 
determines the length of contiguous, nonoverlapping intervals of time. 

The values from the scans from all 112 data channels are accumulated for each 
integration period. Each channel has three 8-bit bytes of memory; at the start of 
the integration period, their sums are all zero. The values from the sensors are 
added to these sums, and, at the end of the integration period, the sums are con
verted by the data reduction routine to a record of the integration period. 

The data reduction routine uses data compression techniques to reduce the data from 
the 3-byte sums so that only significant numbers are saved in the time series 
records. The routine will save one, two, or zero bytes from each sum. The routine 
will save two bytes from sums requiring the highest significance, one byte where 
only 8 bits are significant, and nothing where the sum has no significance (no 
sensor). 

In order to assess the performance of the FOAS and allow for the extraction of the 
data from its memory, the FOAS recognizes 19 commands, summarized in Table 1. The 
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Table 1 

List of Available Logger Commands 

Function 
Continuously display pulse counts from· the 48 digital input channels 
Continuously display scans of the 64 analog input channels 
Continuously display the 3-byte sums 
Display the software identification 
Display the control parameters 
Enter the set mode; display pointer 
Enter the point mode 
Add 1 to pointer or parameter 
Subtract 1 from pointer or parameter 
Add 10 to pointer or parameter 
Add 50 to pointer or parameter 
Transmit the data records in ASCII 
Transmit the first data record in binary 
Transmit the next data record in binary 
Retransmit a data record in binary 
Reset software 
Set control parameters to zero 
Clear data records and tests memory 
Reset the modem 

FDAS examines the incoming characters from the modem, if the character stream 
matches one of the 19 executable commands, then any old command is terminated and 
the new command is requested. 

After the interpretation of a command, the command processor executes one of the 
routines for the control of the FDAS. This processing is assigned a lo~er priority 
than the interpretation of the commands, so the execution of a command can always be 
interrupted. A new command will always supersede the previous one. This is most 
useful for ending the execution of commands that initiate continuous displays. 

Whenever the background tasks are idle, the logger indicates the idle condition by 
lighting a small light-emitting diode (LED). Here the FDAS awaits the next timer 
interrupt. These interrupts indicate the need for the foreground task to resume 
control. 

4.1 DATA RECORDS 

The data records consist of the time-series data as collected by the FOAS, i.e., in 
binary format, directly from the sensors. The records consist of a header, the 
digital data, and the analog data. The design, creation, transmission, and inter
pretation of these data records are described here. 

The data records were designed for the efficient use of memory and for speed of 
transmission. The record is transmitted in the same form in which it is stored in 
memory, as an integer number of 8-bit binary numbers. The length of the record is 
determined by the configuration of the specific installation and the number of 
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sensors connected to the FDAS. One or two bytes of data are entered into the data 
record for every active channel. The number of bytes in a data record will never be 
less than nine nor greater than 233. 

Typical use of the data channels in a residence is shown by example in Table 2--in 
this case, four digital and 24 analog channels. Two types of pulse-initiating 
sensors, an anemometer and three utility-grade watt-hour meters, and eight types of 
analog sensors are installed in this residence. Temperature measurements are taken 
at four locations to characterize the conditioned space, the attic, and the crawl
space. In the example, the PNL watt meters monitor the electric consumption at 16 
points in the home 1

S electric panel. 

An example of a data record of 41 bytes is shown in Figure 6. The bytes are shown 
as decimal numbers between 0 and 255 and are shown in the order in which they are 
transmitted. The first nine bytes are the header. The next seven bytes are data 
from four of the 48 channels. In this case, three of these digital channels trans
mitted two bytes. The last 25 bytes in the example are from 23 of the analog 
channels. Two of these analog channels are represented by two bytes. 

4.1.1 Header 

Each record will have a header of nine bytes for the purpose of identifying the 
record. The header was designed to verify the performance of the data acquisition 
system as well as to identify the data record. For these purposes, the data record 
provides a check sum, a record length check, and a time stamp. The check sum is the 
result of adding together the values from the other bytes in the data record. The 
record length check verifies the total number of bytes in the data record, and the 
time stamp identifies the data record. 

The check sum is calculated as the data record is formed. The initial value of the 
check sum is zero. As bytes are stored in the data record, they are added to the 
check sum. The record length is also calculated as the bytes are added to the 
record. The time stamp is generated at the time the data record is written. 
Figure 7 shows an example header using the data record presented in Figure 6. 

It is important to assess the validity of the data record as it is recovered. If 
the check sum, the record length, and the time stamp all agree with the values 
expected for these parameters, then the measurements contained in the record can be 
taken as an accurate representation of the scans of the channels. Other considera
tions are used to determine if the signals from the sensors are representative of 
the quantities being sensed. 

If the check sum fails to match the sum of the bytes received with the data record, 
then the data record must be retransmitted. If the failure disappears on retrans
mission, then the error can be ascribed to the telephone service. If the failure 
repeats exactly as before, then the failure must be ascribed to the FDAS and a test 
of memory should be initiated. If the memory test fails, then the hardware at the 
remote site must be replaced. If the memory test succeeds, then the error must be 
ascribed to the firmware, and the firmware and the trouble should be reported. 
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Table 2 

Example of the Use of the Logger's Data Channels for a Residential Installation 

Digital Analog 
Channel Sensor Quantity Bytes Channel Sensor Bytes 
Number Type Measured Saved Number Name Quantity Measured Saved ---

1 0 1 Thermistor Indoor Temperature 1 
2 Anemometer Wind Speed 1 2 Thennistor Outdoor Temperature 1 
3 0 3 Pyranometer Insolation 1 
4 Ut i1 i ty KWHM Total Electricity 2 4 Humidity Indoor Relative Humidity 1 
5 Uti 1 i ty KWHt1 Heating 2 5 Wind Vane Wind Direction 1 
6 Utility KWHt-1 Hot Water 1 6 Thermocouple Fireplace Temperature 1 
7 0 7 Thermistor Attic Temperature 1 
8 0 8 Reference Five V 1 
9 0 9 0 

10 0 10 0 
11 0 11 0 
12 0 12 0 
13 0 13 0 
14 0 14 0 
15 0 15 0 
16 0 16 0 
17 0 17 PNL Pm~er Meter Total Power Phase A 2 

....... 18 0 18 PNL Power Meter Space Heat 1 
-....,J 19 0 19 PNL Power Meter Range 1 

20 0 20 PNL Power Meter Dryer 1 
21 0 21 PNL Power Meter Disposal 1 
22 0 22 PNL Power Meter Microwave 1 
23 0 23 PNL Power Meter Refrigerator 1 
24 0 24 PNL Power Meter Lights/Out 1 ets 1 
25 0 25 PNL Power Meter Total Power Phase B 2 
26 0 26 PNL Power Meter Hot Water 1 
27 0 27 PNL Power Meter Range 1 
28 0 28 PNL Power t1eter Washer 1 
29 0 29 PNL Power Meter Dishwasher 1 
30 0 30 PNL Power t1eter Hot Tub 1 
31 0 31 PNL Power Meter L1 ghts/Out 1 ets 1 
32 0 32 PNL Power t-leter Lights/Outlets 1 
33 0 33 0 
34 0 34 0 
35 0 35 0 
36 0 36 0 
37 0 37 0 
313 0 38 0 
39 0 39 0 
40 0 40 0 
41 0 41 0 
42 0 42 0 
43 0 43 0 
44 0 44 0 
45 0 45 0 
46 0 46 0 



byte number 
data record 

byte number 
data (cont) 

byte number 
data (cont) 

Field 

Check Sum 

Record Length 

Day Number 

Time of Day 

Spare 

header data from digital channel 
(1) (5) (10) (15) 
010 083 041 005 156 001 067 112 128 008 003 159 001 244 001 

data from analog channels 
(20) (25) (30) 

120 076 073 042 086 059 087 149 083 202 122 000 000 000 000 

data from analog channels (cont) 
(35) (40) 

029 014 094 186 096 043 023 000 106 008 019 

Figure 6 

Example of a Data Record 

Byte No. Raw Va ue Significance 

1,2 2643 Total of bytes 3 through 41 

3 41 Record is 41 bytes in length 

4,5 1436 Calendar date is 12/06/84 

6,7,8 82,800 Integration period covers 22:55:00 to 
23:00:00 

9 128 A snapshot of the wind vane indicating 
the wind direction is 180° from the north 

Figure 7 

Example of a Header (using the data record in Figure 6) 

As is the case with the check sum, the length of the data record must be consistent 
such that the reported quantity must match the calculated quantity. If a disagree
ment is found on the first transmission of the data record, then the data record 
must be retransmitted. If the disagreement disappears, then the error can be 
ascribed to the telephone service. If the reported and the measured record length 
disagree in exactly the same way as before, then the error is in the hardware at the 
site. 

The time stamp can be used to ensure that all the necessary data records have been 
received and are in the proper order. The time stamps should advance from record to 
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record by the amount of the integration period. Exceptions are due to power fail
ures and attempts to read past the most recent record. This second effect is 
explained below. 

When the FDAS first begins to operate, the memory is cleared. The first time series 
data record will be stored at the start of memory. The subsequent data records will 
be stored immediately below the previous record until the end of memory is reached. 
When the FDAS memory has been exhausted in this fashion, the FDAS will start again 
at the beginning of memory. The oldest time series data record will be overwritten 
as additional space is needed for the most recent record. In the normal operation 
of the FDAS, this process repeats until it is stopped manually. If the data records 
are read from the top to the bottom of memory, then, even under ideal conditions, 
the data records will contain a •wrap point•. At this point, the memory jumps from 
the newest record to the oldest record. The wrap point can be determined from the 
time stamps in the data records themselves, or it can be obtained from the control 
parameters described shortly. 

After the data records are collected, each 
interpreted according to these guidelines. 
this point. The record length should have 
are finished with that too. 

4.1.2 Digital and Analog Data 

field in each of the data records is 
We are finished with the check sum at 

been the same for all the records, and we 

nata from the analog and digital channels are added to the data record according to 
parameters that indicate which channels have two, one or zero bytes of significance. 
These data must be broken down into one or two bytes for every active channel. Each 
active channel has a fixed exponent (scaling factor), two calibration factors (for 
linear conversion to engineering units), and the integration period. 

Since we save two, one, or zero data bytes per active channel, the first step in the 
interpretation of a record is. to associate the bytes with the individual channels. 
The interpretation of a data record given in Table 3 shows this association. The 
numbers in the column marked raw value are the raw channel numbers base ten taken 
from the 41-byte record given in Figure 6. Using the formula for the two-byte 
channels [(256*byte1)+byte2], Table 3 shows the progression from raw values to 
engineering units for data logged froM 28 channels. 

The first step in this conversion to engineering units is to apply the scaling 
factor (exponent) to the raw values. The scaling factor is the power of 2 required 
to convert the raw value to the integrated scans. In the case of t9e anemometer, 
the scaling factor is 7. So, the integrated raw value is 1024=8*(2 ) in this case. 
The average scan of raw values is, of course, just the sum of raw values divided by 
the integration period. Because the data record in the example is from an inte
gration period of 300 s (5 min), the average raw value from the anemometer is 
3.41 Hz=1024/300 s. The last step in the conversion to engineering units is to 
apply the calibration factors from Table 4. Each pulse per second converts to 75.6 
cm/s of wind speed. The average wind speed for the time period of 10:55:00pm to 
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Table 3 

Interpretation of a Representative Data Record 

Digital Sealed Average 
Channel ~antity Bytes Raw Scaling Raw Raw Value Ca 1 i brated 
Number Measured Saved Value Factor Value (Hz) Value Units -

2 Wind Speed 1 8 7 1024 3.41 257 cm/s 
4 Total Electricity 2 927 0 927 3.09 11124 Watts 
5 Heating 2 500 0 500 1.66 6000 Watts 
6 Hot Water 2 375 0 375 1.25 4500 Watts 

Ana 1 og Sea 1 ed Average 
Channel Quantity Bytes Raw Scaling Raw Raw Value Calibrated 
Number Measured Saved Value Factor Value (Hz) Value Units --

1 Indoor Temperature 1 76 9 38912 130 295 Kelvin 
2 Outdoor Temperature 1 73 9 37376 124 285 Ke 1 vi 2 

N 3 Insolation 1 42 9 21504 71 413 Wt/cm 
0 4 Indoor Relative Humidity 1 86 9 44032 146 57 Percent 

5 Wind Direction 0 
6 Fireplace Temperature 1 59 9 30208 100 1960 mi 11 i volts 
7 Attic Temperature 1 87 9 44544 148 297 Ke 1 vi n 
8 Reference 1 149 9 76288 254 5 Volts 

17 Tota 1 Power Phase A 2 21450 1 42900 143 10125 Watts 
18 Space Heat 1 122 9 62464 208 2988 Watts 
19 Range 1 0 9 0 0 0 Watts 
20 Dryer 1 0 9 0 0 0 Watts 
21 Disposal 1 0 9 0 0 0 Watts 
22 Microwave 1 0 9 0 0 0 Watts 
23 Refrigerator 1 29 9 14848 49 426 Watts 
24 Lights/Outlets 1 14 9 7168 23 107 Watts 
25 Tot a 1 Power Phase B 2 24250 1 48500 161 11000 Watts 
26 Hot Water 1 96 9 49152 163 2247 Watts 
27 Range 1 43 9 22016 73 724 Watts 
28 Washer 1 23 9 11776 39 327 Watts 
29 Dishwasher 1 0 9 0 0 0 Watts 
30 Hot Tub 1 106 9 54272 180 4272 Watts 
31 Lights/Outlets 1 8 9 4096 13 56 Watts 
32 Lights/Outlets 1 19 9 9728 32 293 Watts 



Table 4 

Calibration Factors for a Typical Residential Installation 

Digital 
Channel 
Number 

Quantity 
Measured 

Analog 
Channel 
Number 

1 
2 
3 
4 
5 
6 
7 
8 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

2 
4 
5 
6 

Wind Speed 
Total Electricity 
Heating 
Hot Water 

Quantity 
Measured 

Indoor Temperature 
Outdoor Temperature 
Insolation 
Indoor Relative Humidity 
Wind Di recti on 
Fireplace Temperature 
Attic Temperature 
Reference 
Total Power Phase A 
Space Heat 
Range 
Oryer 
Disposal 
Microwave 
Refrigerator 
Lights/Outlets 
Total Power Phase B 
Hot Water 
Range 
Washer 
Dishwasher 
Hot Tub 
Lights/Outlets 
Lights/Outlets 

Units 

cm/s 
Watts 
Watts 
Watts 

Units 

deg. K 
deg. K 
Wt/m2 
Percent 
Degrees 
m volts 
deg. K 
Volts 
Watts 
Watts 
Watts 
Watts 
i~atts 

Watts 
Watts 
Watts 
Watts 
Watts 
Watts 
Watts 
Watts 
Watts 
Watts 
Watts 

Offset 

0 
0 
0 
0 

Offset 

243.45 
223.93 
0 
0 
0 
0 
223.93 
0 
8 
9 
10 
11 
12 
13 
14 
15 
15 
14 
13 
12 
11 
10 
9 
8 

Calibration Factor 

75.6 cm/s/count 
1.0 Watts/count 
1.0 Watts/count 
1.0 Watts/count 

Calibration Factor 

0.3935 Kelvin/count 
0.4907 Kelvin/count 
5.818 Watts/m2/count 
0.392 Percent/count 
1.412 Degrees/count 
19.6 millivolts/count 
0.4907 Kelvin/count 
19.6 millivolts/count 
75 Watts/count 
15 Watts/count 
12 Watts/count 
12 Watts/count 
12 Watts/count 
12 Watts/count 
12 Watts/count 
12 Watts/count 
75 Watts/count 
15 Watts/count 
12 Watts/count 
12 Watts/count 
12 Hatts/count 
25 Watts/count 
12 Watts/count 
12 Watts/count 

11:00:00pm on 12/06/1984 is 257 cm/s. The general formula for converting from raw 
values to engineering units for two-byte energy channels is as follows: 

units= [ ((byte1*256)+byte2)*(2Ascale) I period ] -offset *calibration 

and for 1-byte channels is: 

units = [ ((byte1*256)+byte2) *(2Ascale) I period ] * calibration +offset 
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4.2 CONTROL PARAMETERS 

The operation of the FDAS units is dependent on a number of control parameters, 
which may be set remotely from the central computer. The mode of data acquisition 
from buildings is determined by this parameter block, particularly the integration 
period and the number of bytes retained for each field in the data record. After 
the hardware has been installed in the building and the installation documented, a 
part of the logger•s memory (256 bytes) can be programmed by commands sent over the 
telephone line. These 256 bytes are used to control the operation of the logger and 
to optimize data handling. An example of the logger•s control parameters is shown 
in Table 5. 

The parameters include five bytes reserved for the real-time clock, two of which are 
reserved for the day number and incremented every 24 hours. Typically, the day num
ber is set to the number of days since the decade began. This method avoids any 
ambiguity caused by leap years. The three bytes reserved for the time of day are 
typically set to the number of seconds since mi dnight. This may be local time or 
Greenwich Mean Time (GMT); GMT is often prefer ed since it avoids the ambiguity 
caused by daylight savings time. 

The integration period is the length of time over which measurements are averaged. 
Byte numbers 6 and 7 of the parameter block contain the number of seconds in the 
integration period. To the FDAS, this parameter defines the length of contiguous, 
nonoverlapping, equal intervals of time. If this parameter is set to zero, then 
data recording stops. For most sensors, valid data can be obtained for integration 
periods of any integer number of minutes. 

The next 14 bytes of the parameter block (Table 5) are the 112 bits required to 
indicate which of the 112 channels are active. The first 48 bits refer to the 
digital channels; the last 64 bits refer to ~he analog channels. In the example 
shown in Table 5, four digital channels are dctive. The 8-bit byte that controls 
the first eight channels has a value of 92. Of these channels, numbers 2, 4, 5, and 
6 are active, which translates to a bit pattern of 01011100 or 92. In the same 
example, 24 analog channels are active. The 8-bit byte that controls the first 
eight analog channels has a value of 247. Of these channels, numbers 1, 2, 3, 4, 6, 
7, and 8 are active, which translates to a bit pattern of 11110111 or 247. 

The next 14 bytes are the 112 bits required to indicate which of the active channels 
save two bytes or one. If an active channel is to save one byte, then the corre
sponding bit is set in the parameters. The 8-bit byte that controls the first eight 
digital channels has a value of 64. Of these channels, only the anemometer, channel 
2, saves one byte. This translates to a bit pattern of 01000000 or 64. The analog 
channels are controlled in a similar fashion. 

The next 112 bytes (36-147 in Table 5) of the parameter block correspond to the 
scaling factors for the active channels. These scaling factors may be viewed as 
fixed exponents for the bytes saved from the three-byte sums. They are the number 
of least significant bits lost from the sums when the integration period ends. In 
the case of the anemometer from the example shown in Table 2, bits 1 through 7 are 
lost and bits 8 through 15 are saved in the data record. Bits 16 through 24 are 
always zero in this case. The scaling f actor for the anemometer was calculated 
knowing that bits 16 through 24 would be zero. 
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Table 5 

The FDAS Control Parameters 

Byte Numbers Exam~le Values Oescri~tion 

1,2 5,156 day number 
3,4,5 1,67,112 time of day 
6,7 1,44 integration period 
8-13 92,0,0,0,0,0 the on/off status for 48 digital channels 
14-21 247,0,255,255,0,0,0,0 the on/off status for 64 analog channels 
22-27 64,0,0,0,0,0 the 1 or 2 byte significance for 48 digital channels 
28-35 247,0,127,127,0,0,0,0 the 1 or 2 byte significance for 64 analog channels 
36-43 0,7,0,0,0,0,0,0 for digital channels 1-8, the least significant bit in 

each of the 3 byte sums 
44-51 o,o,o,o,o,o,o,o for digital channels 9-16, the least significant bit in 

each of the 3 byte sums 
52-59 o,o,o,o,o,o,o,o for digital channels 17-24, the least significant bit in 

each of the 3 byte sums 
60-67 o,o,o,o,o,o,o,o for digital channels 25-32, the least significant bit in 

each of the 3 byte sums 
N 68-75 o,o,o,o,o,o,o,o for digital channels 33-40, the least significant bit in 
w each of the 3 byte sums 

76-83 o,o,o,o,o,o,o,o for digital channels 41-48, the least significant bit in 
each of the 3 byte sums 

84-91 9,9,9,9,0,9,9,9 for analog channels 1-8, the least significant bit in 
each of the 3 byte sums 

92-99 o,o,o,o,o,o,o,o for analog channels 9-16, the least significant bit in 
each of the 3 byte sums 

100-107 1,9,9,9,9,9,9,9 for analog channels 17-24, the least significant bit in 
each of the 3 byte sums 

108-115 1,9,9,9,9,9,9,9 for analog channels 25-32, the least significant bit in 
each of the 3 byte sums 

116-123 o,o,o,o,o,o,o,o for analog channels 33-40, the least significant bit in 
each of the 3 byte sums 

124-131 o,o,o,o,o,o,o,o for analog channels 41-48, the least significant bit in 
each of the 3 byte sums 

132-139 o,o,o,o,o,o,o,o for analog channels 49-56, the least significant bit in 
each of the 3 byte sums 

140-147 O,O,O,O,O,O,O,O for analog channels 57-64, the least significant bit in 
each of the 3 byte sums 

148-155 O,O,O,O,O,O,O not used 
156,157 68,41 the location of the next available time series record 
158,159 0,150 the number of seconds remaining in the integration period 
160,161 68,0 the next time series record to transmit 
162 0 the number of modem resets performed 
163 0 the number of failures to reset the modem 
164-256 0 ' ••• ,0 not used 



The scaling factor is calculated from the maximum value that the three-byte sum can 
assume, which depends on the integration period and the maximum value_ of a scan for 
that channel. The maximum scan for the analog channels is 255. The maximum raw 
value for the digital channels is 75 Hz. The maximum value for the three-byte sums 
is the multiplicative product of the integration period (in seconds) and the maximu~ 
scan. In the example, the integration period is 300 s. The maximum value for the 
64 three-byte sums from the analog channels is 76,500 = 300 * 255. The maximum 
value for the 48 three-byte sums from the digital channels is 22,500 = 300 * 75. 

The maximum values determine the scaling factor by identifying the significant bits 
in the three-byte sum. For the analog channels, bits 18 through 24 are always zero 
for 5-min integrations. If the 18th bit were set, then the value of the three-byte 
sum would exceed 131,072; this is never the case. If only one byte is to be saved 
from the analog sums, then 17 through 10 are the significant bits. Bits 1 through 9 
must be discarded. If two bytes are to be saved from analog channels, then bits 17 
through 2 are significant. Only one bit is discarded from 5-min analog sums where 
two bytes are saved. For the digital channels, bits 24 through 16 are always zero 
for 5-min integrations. If only one byte is saved from digital three-byte sums, 
then bits 15 through 8 are the significant ones. Bits 1 through 7 must be dis
carded. If two bytes are saved from digital three-byte sums, then bits 1 through 16 
are recorded. 
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