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(54) Arithmetic logic unit for use within a flight control system

(57) An arithmetic logic unit (ALU) (100) for use within
a flight control system is provided. The ALU (100) com-
prises a first register (110) configured to receive a first
operand, a second register (111) configured to receive
a second operand, and an adder (130) coupled to the

first register (110) and the second register (111). The
adder (130) is configured to generate a sum of the first
operand and the second operand and to generate inter-
mediate sums that are used to determine a product of
the first operand and the second operand.
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Description

TECHNICAL FIELD

[0001] The present invention generally relates to flight
control systems and, more particularly, relates to an arith-
metic logic unit for use within a flight control system.

BACKGROUND

[0002] Modem flight control systems are required by
Federal Air Regulations to provide safe and reliable con-
trol of an aircraft. Any failure condition that prevents con-
tinued safe flight and landing must be extremely improb-
able. In the past, flight control systems were implemented
using discrete analog components. The use of such an-
alog components enabled system designers to develop
flight control systems that could be fully tested and ana-
lyzed in order to certify their conformance with the safety
requirements of the Federal Air Regulations relatively
quickly and inexpensively.
[0003] More recently, flight control systems have been
developed using digital components, such as arithmetic
logic units (ALUs) and other digital processing units.
These digital flight control systems provide increased
performance and take up less space and weight on the
aircraft. However, it has generally been found that the
hardware and software of these systems is of such com-
plexity that they cannot be fully tested and analyzed with-
out significant expense and difficulty. In addition, it is not
feasible to use commercially available digital compo-
nents within a flight control system because they are not
generally tested and analyzed at the level required by
the Federal Air Regulations. Further, the structural im-
plementation of commercially available digital compo-
nents may not be known and, consequently, there is no
way to validate their conformance with the safety require-
ments of the Federal Air Regulations.
[0004] Accordingly, it is desirable to provide an ALU
for use within flight control system that is fully testable
and analyzable. Furthermore, other desirable features
and characteristics of the present invention will become
apparent from the subsequent detailed description of the
invention and the appended claims, taken in conjunction
with the accompanying drawings and this background of
the invention.

BRIEF SUMMARY

[0005] In one embodiment, an ALU is provided for use
within a flight control system. The ALU comprises a first
register configured to receive a first operand, a second
register configured to receive a second operand, and an
adder coupled to the first register and the second register.
The adder is configured to generate a sum of the first
operand and the second operand and to generate inter-
mediate sums that are used to determine a product of
the first operand and the second operand.

[0006] In another embodiment, a method is provided
for testing a functional unit within an ALU of a flight control
system. The functional unit has a predetermined struc-
tural implementation and is configured to generate a re-
sult based on at least one data input. The method com-
prises generating a plurality of test vectors based on the
predetermined structural implementation of the function-
al unit, each test vector comprising a test value for each
data input into the functional unit and an expected value.
Further, for each one of the plurality of test vectors, the
method comprises providing each test value to the func-
tional unit and verifying that the expected result is gen-
erated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The present invention will hereinafter be de-
scribed in conjunction with the following drawing figure,
wherein like numerals denote like elements, and
[0008] FIG. 1 is a functional block diagram of an ex-
emplary ALU for use within a flight control application.

DETAILED DESCRIPTION

[0009] The following detailed description is merely ex-
emplary in nature and is not intended to limit the invention
or the application and uses of the invention. Furthermore,
there is no intention to be bound by any theory presented
in the preceding background or the following detailed de-
scription. Although the diagram shown herein depicts ex-
ample arrangements of elements, additional intervening
elements, devices, features, or components may be
present in an actual embodiment.
[0010] FIG. 1 is a functional block diagram of an ex-
emplary ALU 100 for use within a flight control system.
ALU 100 includes a first operand register 110 for storing
first operand (OP_1), a second operand register 111 for
storing a second operand (OP_2), an operation code reg-
ister 112 for storing an operation code (OP_C), scale
factor register 113 for storing a multiplication scale factor
(M_SCL). As further discussed below, ALU 100 performs
arithmetic and logic operations on OP_1 and OP_2 and
generates an operation result (OP_RES) that is stored
in an operation result register 114. OP_1 and OP_2 are
N-bit two’s complement numbers, wherein N is a positive
integer greater than or equal to one.
[0011] In one embodiment, ALU 100 is implemented
within, or coupled to, a math sequencer that executes
sequences of arithmetic and logic operations, such as
addition operations (ADD or ADDS), bitwise logic oper-
ations (AND, OR, XOR, etc.), multiplication operations
(MULT or MULTS), and bitwise shifts. In this case, the
math sequencer fetches the values 1of OP_1, OP_2,
OP_C, and M_SCL from a stored location and provides
those values to first operand register 110, second oper-
and register 111, operation code register 112, and scale
factor register 113, respectively. The math sequencer
may also be configured to retrieve the OP_RES value
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from operation result register 114 when the appropriate
number of clock cycles has elapsed. ALU 100 may be
realized as a programmable logic device (PLD), an ap-
plication specific integrated circuit (ASIC), a processor
(shared, dedicated, or group) and memory that execute
one or more software or firmware programs, a combina-
tional logic circuit, and/or other suitable components or
combinations thereof.
[0012] ALU 100 includes a plurality of functional units,
such as an adder 130, a sum saturator 131, a logic unit
132, a multiplier 133, a shifter 134, and a product satu-
rator 135. In addition, ALU 100 also includes a multiplexer
136 for selecting the appropriate operation result based
on the value of OP_C. As further discussed below, the
architecture of each functional unit 130-135 is defined at
a low-level during the design and development of ALU
100. Consequently, each functional unit 130-135 has a
predetermined structural implementation.
[0013] Adder 130 determines the N-bit sum of OP_1
and OP_2. In the depicted embodiment, adder 130 is
coupled to receive OP_1 and OP_2 from first and second
operand registers 110, 111, respectively. In this case,
adder 130 generates the N-bit sum of OP_1 and OP_2
and stores the sum in adder register 142. Adder register
142 may be formed integrally with adder 130 or it may
be a separate component of ALU 100. In one embodi-
ment, adder 130 comprises a carry select adder for de-
termining the sum of two N-bit two’s complement num-
bers. However, it will be understood by one skilled in the
art that alternative embodiments may utilize other adder
architectures.
[0014] Sum saturator 131 detects underflows and
overflows in the N-bit sum of OP_1 and OP_2 from adder
register 142 and generates a saturated sum. In the case
of an underflow, the saturated sum is the minimum value
that can be represented by an N-bit two’s complement
number (e.g., 0x8000 for a 16-bit two’s complement
number). In the case of an overflow, the saturated sum
is the maximum value that can be represented by an N-bit
two’s complement number (e.g., 0x7FFF for a 16-bit
two’s complement number). Alternatively, if sum satura-
tor 131 does not detect an underflow or an overflow, the
saturated sum is assigned the value of the N-bit sum.
[0015] In the depicted embodiment, sum saturator 131
is coupled to receive OP_1, OP_2, and the sum of OP_
1 and OP_2 from first operand register 110, second op-
erand register 111, and adder register 142, respectively.
In this case, sum saturator 131 generates the saturated
sum based on the most significant bits (MSBs) of OP_1,
OP_2, and the sum. For example, when the MSBs of
OP_1 and OP_2 are both "1" and the MSB of the sum is
"0", sum saturator 131 detects an underflow and the sat-
urated sum is the minimum value. Further, when the
MSBs of OP_1 and OP_2 are both "0" and the MSB of
the sum is "1", sum saturator 131 detects an overflow
and the saturated sum is the maximum value. Alterna-
tively, the saturated sum is assigned the value of the sum
that is stored in adder register 142. The saturated sum

is stored in operation result register 114 when the value
of OP_C corresponds to a ADDS operation.
[0016] Logic unit 132 performs logic operations (e.g.,
AND, OR, XOR, etc.) on OP_1 and OP_2. In the depicted
embodiment, logic unit 132 is coupled to receive OP_1,
OP_2, and OP_C from first operand register 110, second
operand register 111, and operation code register 112,
respectively, and generates a result that is stored in op-
eration result register 114. If the value of OP_C corre-
sponds to an AND operation, the generated result is the
N-bit bitwise AND of OP_1 and OP_2. Alternatively, if
the value of OP_ C corresponds to an OR operation, the
generated result is the N-bit bitwise OR of OP_1 and OP_
2. Other bitwise logic operations may be processed by
logic unit 132 in a substantially similar manner.
[0017] Multiplier 133 determines the product of OP_1
and OP_2. In the depicted embodiment, multiplier 133 is
coupled to receive OP_1 and OP_2 from first and second
operand registers 110, 111, respectively, and is config-
ured to generate a (N*2)-bit product that is stored in a
multiplier register 144. Multiplier 133 utilizes adder 130
to generate intermediate sums (e.g., sums of partial prod-
ucts and other values) that are used to determine the
product of OP_1 and OP_2. In one embodiment, multi-
plier 133 comprises an implementation of the Booth tech-
nique for multiplying two’s complement binary numbers.
However, it will be appreciated that alternative embodi-
ments of ALU 100 may utilize other techniques for per-
forming binary multiplication.
[0018] Multiplier register 144 may be formed integrally
with multiplier 133 or it may be a separate component.
In the depicted embodiment, multiplier register 144 com-
prises an N-bit product-low register 145 that receives the
lower-half of the (N*2)-bit product and an N-bit product-
high register 146 that receives the upper-half of the
(N*2)-bit product. Registers 145 and 146 may comprise
shift registers for receiving and shifting intermediate val-
ues during the multiplication operation. Alternatively,
multiplier register 144 may comprise a single (N*2)-bit
register.
[0019] Shifter 134 generates an N-bit shift-result by
performing bitwise shifts (logical and arithmetic) on OP_
1 and/or OP_2. In addition, shifter 134 may also generate
a (N*2)-bit scaled product of OP_1 and OP_2. In the de-
picted embodiment, shifter 134 is coupled to receive OP_
1 from first operand register 110, OP_2 from second op-
erand register 111, OP_C from operation code register
112, M_SCL from scale factor register 113, and the prod-
uct from multiplier register 144. If the value of OP_C cor-
responds to a shift (e.g., a logical shift left (LSL), logical
shift right (LSR), arithmetic shift right (ASR), etc.), shifter
134 performs the appropriate shift and stores the shift-
result in a shifter register 148. Shifter 134 may be con-
figured to shift the value of OP_1 by the number of bits
identified in OP_2 (or a portion of OP_2) or to shift the
value of OP_2 by the number of bits identified by OP_1
(or a portion of OP_1).
[0020] If the value of OP_C corresponds to a multipli-
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cation operation (MULT or MULTS), shifter 134 gener-
ates a scaled product. In one embodiment, shifter 134
generates the scaled product by shifting the (N*2)-bit
product to the right by the number of bits identified by M_
SCL. The scaled product is stored in shifter register 148.
[0021] Shifter register 148 may be formed integrally
with shifter 134 or it may be a separate component. In
the depicted embodiment, shifter register 148 includes
an N-bit shift-low register 149 and an N-bit shift-high reg-
ister 150. In the case of a bitwise shift, shifter 134 stores
the N-bit shift-result in the shift-low register 149. In the
case of a scaled product, shifter 134 stores the lower half
of the (N*2)-bit scaled product in shift-low register 149
and the upper half of the (N*2)-bit scaled product in shift-
high register 150. Alternatively, shifter register 148 may
comprise a single (N*2)-bit register.
[0022] Product saturator 135 detects underflows and
overflows in the scaled product and generates an N-bit
saturated product. In the depicted embodiment, product
saturator 135 is coupled to receive the scaled product
from shifter register 148. If product saturator 135 detects
an underflow, is the minimum value that can be repre-
sented by an N-bit two’s complement number. If the prod-
uct saturator 135 detects an overflow, the saturated prod-
uct is the maximum value that can be represented by an
N-bit two’s complement number. Alternatively, if product
saturator 135 does not detect an underflow or an over-
flow, the saturated product is the lowest N-bits of the
multiplier register 144. As described below, the saturated
product is stored in operation result register when the
value of OP_C corresponds to a MULTS operation.
[0023] Multiplexer 136 is coupled to operation code
register 112, adder register 142, sum saturator 131, logic
unit 132, shifter register 148, and product saturator 135
and is configured to select the appropriate operation re-
sult (OP_RES) based on the value of OP_C. In the de-
picted embodiment, multiplexer 136 selects the sum from
adder register 142 when the value of OP_C corresponds
to an ADD operation, the saturated sum from sum satu-
rator 131 when the value of OP_C corresponds to an
ADDS operation, and the logic-result from logic unit 132
when the value of OP_ C corresponds to a logic operation
(e.g., AND, OR, XOR, etc.). Further, multiplexer 136 se-
lects the lowest N-bits from shifter register 148 when the
value of OP_C corresponds to a MULT operation or a
shift (e.g., LSL, LSR, AND ASR) and the saturated prod-
uct from product saturator 135 when the value of OP_C
corresponds to a MULTS operation. The OP_RES value
selected by multiplexer 136 is stored in the operation
result register 114.
[0024] ALU 100 includes various attributes that allow
it to be fully tested and analyzed. As noted above, the
architecture of functional units 130-135 is defined at a
low-level (e.g., the Register Transfer Level (RTL) or the
gate-level) in order to achieve a predetermined structural
implementation. For example, a hardware description
language (HDL) and/or Electronic Design Automation
(EDA) tool may be utilized to generate a low-level de-

scription of ALU 100. In this case, rather than invoking
an adder architecture provided by a software library with-
in the HDL or EDA environment, a low-level (e.g., RTL
or gate-level) description of adder 130 is generated in
order to achieve a predetermined structural implemen-
tation during synthesis.
[0025] The predetermined structural implementation
of each functional unit 130-135 may be analyzed to iden-
tify targeted test vectors that test each one of its compo-
nents and verify that it generates correct results. For ex-
ample, the structural implementation of adder 130 may
be analyzed to identify a plurality of adder test vectors,
each including test values for the data inputs to adder
130 (e.g., OP-1 and OP_2) and an expected sum. These
adder test vectors are targeted, based on the architecture
of adder 130, to fully test and analyze adder 130.
[0026] A substantially similar approach may be utilized
to generated test vectors for analyzing the other func-
tional units 131-135. For example, a plurality of sum sat-
urator test vectors, each comprising test values for the
data inputs to sum saturator 131 (e.g., OP_1, OP_2, and
the sum of OP-1 and OP_2) and an expected saturated
sum, may be generated based on the predetermined
structural implementation of sum saturator 131. Further,
a plurality of multiplier test vectors, each comprising test
values for the data inputs to multiplier 133 (e.g., OP_1
and OP_2) and an expected product, may be generated
based on the predetermined structural implementation
of multiplier 133. Further still, a plurality of shifter test
vectors, each comprising test values for the data inputs
to shifter 134 (e.g., OP_1 and OP_2) and an expected
shift-result, may be generated based on the predeter-
mined structural implementation of shifter 134 and a plu-
rality of product saturator test vectors, each comprising
test values of the data inputs to product saturator 135
(e.g., a (N*2)-bit scaled product) and an expected satu-
rated product, may be generated based on the predeter-
mined structural implementation of product saturator
135.
[0027] In addition, the data inputs to, and data outputs
from, each functional unit 130-135 are directly accessi-
ble. As noted above, each functional unit 130-135 re-
ceives data from one or more input registers and gener-
ates a result that is stored in one or more output registers.
These registers may be utilized to independently test and
analyze each functional unit 130-135 using the test vec-
tors described above. Accordingly, adder 130 may be
tested by inputting the test values from each adder test
vector into first and second operand registers 110, 111
and verifying that the expected sum is stored in adder
register 142. Sum saturator 131 may be tested by input-
ting the test values for each sum saturator test vector
into first and second operand registers 110, 111 and
adder register 142 and verifying that the expected satu-
rated sum is stored in operation result register 114 when
the value of OP_C corresponds to an ADDS operation.
Further, multiplier 133 may be tested by inputting the test
values for each multiplier test vector into first and second
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operand registers 110, 111 and verifying that the expect-
ed product is stored in product register 144. Further still,
shifter 134 may be tested by inputting the test values for
each shifter test vector into first and second operand reg-
isters 110, 111 and verifying that the expected shift-result
is stored in shifter register 148 when the value of OP_C
corresponds to a bitwise shift. Finally, product saturator
135 may be tested by inputting the test values for each
product saturator test vector into shifter register 148 and
verifying that the expected saturated product is stored in
operation result register 114 when the value of OP_C
corresponds to a MULTS operation.
[0028] Other attributes that enhance the testability and
analyzability to ALU 100 include the use of shared ele-
ments between operations. For example, adder 130 is
used for both addition operations (e.g., ADD and ADDS)
and multiplication (e.g., MULT and MULTS) operations.
As a result, testing adder 130 using the methods de-
scribed above provides testing coverage the sum of OP_
1 and OP_2 of adder 130 and for the intermediate sums
that are generated during multiplication operations. Sim-
ilarly, testing shifter 134 using the shifter test vectors pro-
vides testing coverage for all of the shifts (e.g., LSL, LSR,
ASR, etc.) as well as for the generation of a scaled prod-
uct.
[0029] While at least one exemplary embodiment has
been presented in the foregoing detailed description of
the invention, it should be appreciated that a vast number
of variations exist. It should also be appreciated that the
exemplary embodiment or exemplary embodiments are
only examples, and are not intended to limit the scope,
applicability, or configuration of the invention in any way.
Rather, the foregoing detailed description will provide
those skilled in the art with a convenient road map for
implementing an exemplary embodiment of the inven-
tion. It being understood that various changes may be
made in the function and arrangement of elements de-
scribed in an exemplary embodiment without departing
from the scope of the invention as set forth in the ap-
pended claims.

Claims

1. An arithmetic logic unit (ALU) (100) comprising:

a first register (110) configured to receive a first
operand;
a second register (111) configured to receive a
second operand;
an adder (130) coupled to the first register (110)
and to the second register (111) and configured
to:

generate a sum of the first operand and the
second operand; and
generate intermediate sums that are used
to determine a product of the first operand

and the second operand.

2. The ALU (100) of Claim 1, further comprising a third
register (114) coupled to receive the sum.

3. The ALU (100) of Claim 1, further comprising a sum
saturator (131) coupled to receive the first operand,
the second operand, and the sum and configured to
generate a saturated sum of the first operand and
the second operand.

4. The ALU (100) of Claim 3, further comprising a mul-
tiplier (133) coupled to the first operand, the second
operand, and the adder (130) and configured to de-
termine the product of the first operand and the sec-
ond operand based at least in part on intermediate
sums generated by the adder (130).

5. The ALU (100) of Claim 4, further comprising a third
register (114) coupled to receive the product.

6. The ALU (100) of Claim 4, further comprising a shifter
(134) coupled to the first register (110) and the sec-
ond register (111) and configured to generate a shift-
result that is based on the value of the first operand
and the second operand.

7. The ALU (100) of Claim 6, wherein the shifter (134)
is further coupled to receive a scale factor, an oper-
ation code, and the product and is further configured
to:

generate the shift-result when the operation
code corresponds to a bitwise shift; and
generate a scaled product based on the product
and the scale factor, when the operation code
corresponds to a multiplication operation.

8. The ALU (100) of Claim 7, further comprising a third
register (114) coupled to receive:

the shift-result when the operation code corre-
sponds to a bitwise shift; and
the scaled product when the operation code cor-
responds to a multiplication operation.

9. The ALU (100) of Claim 8, further comprising a prod-
uct saturator (135) coupled to receive the scaled
product and configured to generate a scaled product.

10. The ALU (100) of Claim 9, wherein the adder (130),
the sum saturator (131), the multiplier (133), the shift-
er (134), and the product saturator (135) have pre-
determined structural implementations.
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