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lustrating the 
1re. The flow 
, the states in 
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1 7-8.3. Note· 
tal on the low 
minimize the 

ODE) 

FLAG= 1 and CLK, all of which can be traced through the detailed flow 
diagram. 

Now consider one more desigrt problem illustrating the use of the design 
phases (1-9). This problem requires you to interpret a set of detailed specifica­
tions and further illustrate the functionality of the system controller concept. 
Special thanks to Prof. Richard Ohran of Brigham Young University for 
suggesting a problem such as this back in 1971. 

EXAMPLE 7-5: The Pop Machine Controller 

Introduction and specifications. The El-Rip-O Vending Machine Company 
wishes to update its Model 1909 mechanical vending machine. It is desired that 
a first generation digital controlled prototype system be developed for test and 
evaluation; nothing really fancy, just an evaluation prototype. The El-Rip-O 
Company has entered into an OEM (Original Equipment Manufacturers) agree­
ment with the Futzel-Boopsdink Pipe and Die Company to provide the coin 
receiver, coin changer, and pop dropping systems for the new El-Rip-O Model 
1971 system when it is fully developed. 

Preliminary specifications. The initial digital control system should be 
developed such that it will direct the control of the coin receiver, coin changer, 
and pop drop mechanics and provide the El-Rip-O Company with a system 
capable of automatically dispensing soda pop at 30,e- per can and making the 
proper change retrieval for the following coin sequences of nickels, dimes 
quarters, and half-dollars. 

Prescribed operation. Upon the insertion of each coin, the controller is to 
record the coin value and issue the proper change, if required, in nickels only, 
then drop a can of soda pop. At this time a solenoid is to be activated that lets 
the coins collected in the coin sequence drop into a common collector box. This 
system is to have a coin release feature for the manual release of jammed coins 
and coins collected in "short" sequences, and the coin release feature is also 
intended to reset the system to an initial condition. 

Coin receiver specification. The Futzel-Boopsdink Pipe and Die Model 
CR-1971 coin receiver is described by the following features: 

(l) single slot coin entry; 
(2) electronic coin detection; 
(3) guaranteed coin detection for U.S. half dollars, quarters, dimes, and 

nickels; 
(4) automatic nonvalid and bent coin rejection; 
(5) all control inputs and outputs are standard TTL compatible; 
(6) coin-catching mechanism and manual coin release feature; 
(7) a special mechanical mechanism that prevents coin over-run. 

Electrical specifications. See Figure 7-32. 
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COIN DROP 

MANUAL 
COIN 

RELEASE 

F-8 INC. 
MODEL CR-1971 

Fig. 7-32. Block diagram of CR-1971. 

Signal description. 

COIN PRESENT (H) 

I HALF-DOLLAR (H) 

I QUARTER (H) 

I NICKEL (H) 

I DIME (H) 

) CLEAR (L) 

COIN DROP-an input that commands the CR-1971 to drop 
collected coins into the common collection box. 

CLEAR-an output that will go to a 5 volt ±0.5 level for the 
duration of the depression of the coin release. 

COIN PRESENT-an output signifying that a coin is present in the 
coin receiver and denomination has been de­
termined. 

HALF DOLLAR,-outputs signifying the denomination of coin pre­
QUARTER, DIME sent. 

and NICKEL 

The timing relationship between COIN PRESENT, HALF-DOLLAR, 
QUARTER, DIME, and NICKEL is described by the timing diagram shown in 
Figure 7-33. 

Coin changer. The Futzel-Boopsdink Pipe and Die Model CC-1971 coin 
changer (see Figure 7-34), developed by the Stuck-Muzzey subsidiary, features: 

(1) fast, reliable, electro-mechanical nickel-ejecting system (100 msec per 
nickel maximum); 

(2) special READY status output which indicates when another coin 
ejection sequence can be started; 

(3) automatic load of 50 nickels reserve. 

EJECT NICKEL- TTL compatible input, pulse triggered with mini­
mum width of 10 msec restriction. 

CHANGER READY -an output status line indicating the changer will 
respond to EJECT NICKEL. 

Timing relations. See Figure 7-35. 
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I QUARTER 
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I 
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I 
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I 
iDIME 
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I 
I 
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150 msec 
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Fig. 7-33. Timing detail of the CR-1971. 

2 

2 

2 

2 

( 
I 
I 
I 
I I 
I I 

-i>j ~ 

50 msec 
worst 
case 

_/ ____ / 
EJECT NICKEL 

_CHANGER READY 

F-B INC. 
MODEL CC-1971 
COIN CHANGER 

Fig. 7-34. The block diagram of the CC-1971. 
...__ ____ v 

** 

k----10 msec min. 
EJECT NICKEL 

READY 

I "----*typically 100 msec----,)-1 

: ... , ----------1c~---... 
I I 
~ 

max of 100 nsec 

Fig. 7-35. Timing detail of the CC-1971. 
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P~p-drop mechanism The Futzel-Bo~p_s~ Mode! PD-1971 pop-drop 
mechamsm developed by Bend-A-Can Div1s1on (see Figure 7-36) is a fast 
solenoid operated device featuring: 

(1) single TIL compatible drop command input; 
(2) pulse operated with 10 msec minimum pulse width; 
(3) status READY line 

Timing and operation is identical to that of the coin changer. 

DROP POP 

POP DROP READY 

/ / 

F-B INC. 
MODEL PD-1971 

POP DROP _______ / 
7-11.3 SYSTEM DEVELOPMENT 

Fig. 7-36. The block diagram of the 
PD-1971. Note that POP DROP 
READY will not return to the 
READY status if the mechanism is 
jammed. 

First let it be noted that the system to pe designed has certain frailties related to its 
cheating the customer as well as the customer cheating it. However, since this 
development is only an evaluation prototype, these frailties can be temporarily 
overlooked. The specifications for a foolproof system are given as a design exercise 
and left for you to work out the fine details. 

Phase I. Because of your intimate knowledge of vending machines derived 
from the everyday encounters with these beasts (see Figure 7-37), along with the 
specifications given, Phase I is pretty well covered. 

Fig. 7-37. Man and the vending machine. 
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>op-drop 
s a fast 

diagram of the 
POP DROP 

return to the 
i mechanism is 

related to its 
er, since this 
: temporarily 
~sign exercise 

lines derived 
ong with the 

mding machine. 

Phase II. From the knowledge accounted for in Phase I, the bare-bones block 
diagram as shown in Figure 7-38 can be readily developed. This bare-bones block 
diagram is supported by the first-cut flow diagram shown in Figure 7-39. Note that 
this flow diagram clearly defines the proposed big picture sequential behavior of 
the controller operation. Now keep in mind that this proposed operation is but one 
of several possible alternatives. However, it was selected on the basis of the 
following criteria: 

(1) It provides a practical and effective system. 
(2) The author feels that it nicely demonstrates the logical sequence of events. 
(3) It also demonstrates how properly designed "hard wired" systems can 

have a reasonable degree of flexibility. 

Though these criteria are somewhat biased, the concept of making a selection 
from several possible alternatives should not be considered as such. It is very 
important that you derive several alternatives and then select one of these based on 
some criteria. Now these criteria can vary oopending on the design requirements, 
but the major cornerstones should be: 

(1) Practicality 
(2) Effectiveness 
(3) Efficiency 
( 4) Degree of flexibility 

The flexibility facet should be treated in the light of possible future applications 
and modifications. This is in keeping with the invariable fact that somebody will 
want something changed at the most inopportune time. However, don't let these 
anticipations completely override your preliminary preparations; just keep them in 
mind. For example, though there is no mention of price changes or multi-pop 
selection requirements in the specifications for the pop machine, these features are 
included with no real extra effort or cost. They are simply a natural fallout of the 
proposed system. 

COIN 
RECEIVER 

lock Fig. 7-38. The bare-bones b 
diagram of the prototype ven ding 
machine. 

VENDING MACHINE SYSTEM 

. 
SYSTEM ,/ POP 

CONTROLLER DROP 
V 

I/ 

" 

' :, 

' ',, 

COIN 
RETURN 

The Next State Decoder 495 

IPR2024-00476 
Petitioner’s Exhibit 1011 

Page 000015



POWER 
UP 

RESET 

DETERMINE COIN 
VALUE AND ADD 

THIS VALUE TO THE 
ACCUMULATED SUM 

DROP SODA POP 
AND SET 

ACCUMULATED 
SUM= 0 

RETURN ONE 
NICKEL AND 
REDUCE SUM 

BY 5i 

Fig. 7-39. A proposed first-cut flow diagram defining the 
vending machine's basic operation. 

7-11.4 THE DETAILED FLOW DIAGRAM, 
FUNCTIONAL PARTITION AND 
MOS DIAGRAM DESCRIPTION 

The detailed flow diagram shown in Figure 7-40 defines the exact sequential 
behavior of the functional partition shown in Figure 7-41. It should be clear that 
this flow diagram iii an extension to the first-cut diagram. Along with this it also 

· defines the timing relations of the control signal to and from the subsystems. The 
functional partition typifies the system controller in its presiding role. It should be 
noted that the arithmetic operations called for are carried out by the interconnec· 
tion of the ADDER, PIPO REGISTER, DOWN COUNTER, and COMPARA· 
TOR. The PIPO REGISTER was added to insure the edge-triggered loading of the 
COUNTER. This register/ counter complex is referred to as the ACCUMULA· 
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act sequential 
l be clear that 
ith this it also 
bsystems. The 
:. It should be 
e interconnec­
COMP ARA· 
loading of the 
,CCUMULA· 

TOR (ACC) in this example. Further, it should be noted that a "strappable" 
compare word allows for easy price changing up to 75e. The value of each coin is 
then encoded to the binary value of the number of nickels it represents in 
accordance with the indicated encoding (w4, w3, w2, w1) specification table. This 
encoded value is then added to the present value of the accumulator on the 
rising-edge of COIN PRESENT. Thus the basic functions called for by the 
first-cut and detailed flow diagram are brought to light with a hardware descrip­
tion. Note further that the IC package count is up to six packages, all with 16 pins 
or less. 

SANITY 

(d) 
PULSE 

DROP POP 

NO 

Note: The sum will be 
evaluated auto­
matically by the 
time we reach 
this state 

YES 

YES 

(f) 
PULSE 

RETURN NICKEL 

Fig. 7-40. The detailed flow diagram for the prototype pop machine system 
controller. 
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74LS175 CLK< CLR ACC(L) 
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PRICE I CLR _I 
CHANGE D C 8 A CLR 
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STRAPPING DEC ACC(H) , 
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J ~ p 
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Fig. 7-41. The functional partition of the pop vending machine control system. 

498 Introduction to Multi-Input System Controller Design 

IPR2024-00476 
Petitioner’s Exhibit 1011 

Page 000018



coo = w4 w3 I The seven-state MDS diagram for the system controller is shown in Figure 
cooi = 6 o 7-42. All branching conditions and outputs are clearly specified in close accor­
:OOE = 0 6 1 dance with the specification set forth in the detailed flow diagram. The branching 
,ODE= o o ( decisions based on asynchronous inputs are properly identified and are defined by 

the GO, NO-GO decision construct discussed in Section 7-10.1 

COIN PRESENT 

L <30i 

L = 30i 

POP DROP READY 

DROP POP H 

POP DROP READY 

CLR ACC t + 
(COIN DROP) 

COIN PRESENT 

CHANGER READY 

CHANGER READY 

DECR ACC t + 

Fig. 7-42. The MDS diagram for the prototype pop machine system controller. Note that 
it is assumed CLR ACC t ! causes the coins to drop. 

7-11.5 THE HARDWARE 
IMPLEMENTATION 
OF THE NEXT STATE AND 
OUTPUT DECODER 

Up to this point the major effort has been directed toward the system's three D's: 
Definition, Description, and Documentation. Now some of the practical aspects of 
an actual hardware development process are presented. The first step in this 
development process is to make a state assignment in accordance with the rules set 
forth earlier, paying strict attention to asynchronous branching (see Figure 7-43). 
A state map (regular K-map) is used to aid the state assignment process. Here the 
rules related to asynchronous branching variables are given the highest priority. 
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This priority calls for the following state assignment constraints: 

a adjacent to b 
b adjacent to c 
d adjacent to e 
f adjacent to g 

COIN PRESENT 

COIN PRESENT 

:r < 30¢ 

POP DROP READY CHANGER READY 

RETURN NICKEL H 

AB 
C 00 01 11 10 

0 2 6 4 

0 a 0 d f 

1 3 7 5 

1 b C e g 

State Map 

Fig. 7-43. The system controller MDS diagram for the prototype pop machine complete with 
a state assignment and state map. 

The rest of the states are assigned with some reference to the simple rules set forth 
in Chapter 6 and the list in Table 7-1. However, no exhaustive attempt is made to 
optimize the state assignment. 
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complete with 
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7-12 

TABLE 7-1 State assignment llstlng 

Previous State in Next Assignment 
States Question State Suggestions 

a,ce a* b aADJb*; a,c,eADJ 
a,b* b* b,c bADJc*; aADJb* 
b C a,d,f a, d,f ADJ; b ADJ c* 
c,d d* e dADJe*; cADJd 
d e a NR; dADJe* 
c,f f* g JADJg*; cADJJ 
f g C NR;JADJg* 

•➔a must assignment; NR➔NO Requirement 

NEXT STATE DECODER MAPS 

Once a state assignment is made, the next design step determines the first real 
commitment to any specific type of hardware. This example demonstrates the ease 
with which small sequential machines can be implemented at the SSI gate and 
Flip-Flop level, knowing well that other alternatives do exist. This ease is brought 
about in part by taking advantage of the inherent application of the VARIABLE­
ENTERED MAP. Using VEM's bypasses the tedious detail of filling out a 
PRESENT/NEXT STATE TABLE by going directly from the MDS diagram to the 
NEXT STATE maps. The plotting of the VEM's is a simple process. However, it 
does require a properly documented MDS diagram and some ability to recognize, by 
inspection, the CONDITIONAL SET OPERATIONS called for in this MDS 
diagram. This process is described in the following paragraph. 

Next State Map Plotting Process 

Using a MDS diagram with a state assignment, select a state, 
then examine the branching mnemonics to all NEXT ST ATES of 
the selected state; and enter into the ST ATE CELL of the NEXT 
ST A TE MAP the Boolean expression that defines all of the SET 
CONDITIONS (0-1, 1-1) that are required for the chosen state 
variable in that state. Thus these CONDITIONAL SET EX­
PRESSIONS become MAP ENTERED VARIABLES in the 
NEXT STATE MAPS. 

This process is repeated for each STATE VARIABLE of each STATE until 
the NEXT STATE maps are completed. Remember, the NEXT STATE maps are 
the D-maps from which JK and T maps can be readily obtained. The described 
processes are clearly demonstrated in Figures 7-44 and 7-45. Pay particular 
attention to the entry in state cell c in the DA map. Here you see: 

(= + >) 
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which indicates that the A Flip-Flop is set by the next clock edge if the machine is 
in: STATE c AND(=) OR(>) are ASSERTED. The rest of the MEV 
ENTRIES are obvious. However, it is recommended that a map be generated for 
each Flip-Flop and these maps be plotted in parallel, one state at a time, using the 
state map as a reference for the state cell location. 

From Figures 7-44 and 7-45 notice that the JK does yield a circuit im­
plementation requiring fewer gates (11 gates or four IC packages). Thus the new 
grand total for the system equals nine IC packages, some with spare gates, which 
really isn't too bad considering the capabilities of the overall system. However, the 
design for the OUTPUT DECODER must be completed. 

AB 
C 00 01 11 10 

0 2 6 4 

0 0 0 1 1 

1 3 7 5 

1 0 =+> 0 0 

DA =AB(=+>) +AC 

AB 
C 00 01 11 10 

0 2 6 4 

0 0 0 1 0 

1 3 7 5 -
1 CP = 0 1 

DB= AB(=)+ BC(CP) +BC+ ABC 

AB 
C 00 01 11 10 

0 2 6 4 

0 CP 0 PDR CR 

1 3 7 5 

1 1 0 0 1 

De = AB(CP) + BC(PDR) + AB(CR) + BC 

Legend: CP = COIN PRESENT 
=+> = (~ = 30el + (~ > 3ort) 

CR= CHANGER READY 
PDR = POP DROP READY 

Fig. 7-44. The NEXT STATE or D maps for the 
proto-type pop machine system controller. 
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~enerated for 
me, using the 

a circuit im­
Lhus the new 
gates, which 

However, the 

AB AB 
C 00 01 11 10 C 00 01 11 10 

0 2 6 4 0 2 6 4 

0 0 0 0 0 0 0 0 0 0 

1 3 7 5 1 3 7 5 

1 0 =+> 0 0 1 0 0 1 1 

AB AB 
C 00 01 11 10 C 00 01 11 10 

0 2 6 4 0 2 6 4 

0 0 0 0 0 0 0 0 0 0 

1 3 7 5 1 3 7 5 -
1 CP 0 0 1 1 0 

-
= 1 0 

JB = C(CP) + AC 

AB 
C 00 01 11 10 

AB 
C 00 01 11 10 

0 2 6 4 0 2 6 4 

0 CP 0 PDR CR 0 0 0 0 0 

1 3 7 5 1 3 7 5 

1 0 0 0 0 1 0 1 1 0 

Jc= A(CP) + B(PDR) + AB(CR) 

Requires 11 gates, or four IC packages with spare gates. 

Fig. 7-45. The NEXT STATE DECODER maps for a JK implementation. 

7-13 THE OUTPUT DECODER 

The design of the OUTPUT DECODER is like any other combination decoder 
design problem that can be summed up quickly by the following process: 

Make up a map for each output. Plot the map using MEY for the 
conditional variables, then simplify and implement. 

However, many times maps serve no useful purpose. For example, in the present 
system controller there is no output that is a function of more than one (1) state. 
This information can be quickly gleaned from inspecting the MDS diagram. 
Therefore, in cases such as these, it is recommended that you make up a simple 
output list. This output list is nothing more than a list of every required output and 

The Output Decoder 503 

IPR2024-00476 
Petitioner’s Exhibit 1011 

Page 000023



the states and conditions related to the generation of these outputs. For example, 
the MDS diagram in Figure 7-43 would have the following list: 

RETURN NICKEL = ABC 
DECR ACC = ABC 

DROP POP = ABC 

CLRACC =ABC 

From this expression list observe that none can be further simplified. There­
fore, each requires a simple three-input gate (AND function) with the inputs 
connected to the PRESENT STATE VARIABLES (ABC). However, the ever 
present glitch problem exists because of our state assignment. The transition from 
111-:>000 introduces the possibility of a glitch in three states. But the real question 
is which three states. Previous studies indicate that all six of the remaining states 
are vulnerable when the 111-:>000 transition is made. Therefore, some sort of glitch 
prevention must be introduced. In' cases with a smaller number of bits changing 
(two in this case), the possible transitions can be traced in a state map for easy 
identification of possible glitch problems. However, the 111-:>000 transition over­
rides the need for any further glitch studies. 

Since there are no outputs which must remain ASSERTED over several 
states, an OUTPUT HOLDING REGISTER would appear to be an overkill. 
However, DROP POP and RETURN NICKEL generated in states D and F must 
be held stable all during these states. Therefore, a holding register is probably call­
ed for. Therefore, four three-input NAND gates (74LS10) are chosen for the 
output decoder and a 74LS175 is chosen as the OUTPUT HOLDING REG­
ISTER. For the completed schematic of the total system controller including the 
OUTPUT DECODER, see Figure 7-46. From this figure observe that the grand 
total IC package count is 14, all of which are standard or established 14 or 16 pin 
IC's (see parts list in Table 7-2). 

TABLE 7-2 Parts List 

Quantity Number Description 

I 74LS283 Four-bit adder 
I 74LS193 Hex up/ down counter 
2 74LS175 QuadDPIPO 
2 74LS112 Dual edge-triggered JK Flip-Flop 
I 74LS85 Four-bit comparator 
2 74LS32 Quad of two-input OR 

' 2 74LSIO Triple three-input NAND 
I 74LS08 Quad of two-input AND 

*l 7404 Hex of inverters 
I 

74LSOO Quad of two-input NAND 14 
*The standard 7404 was chosen because of the high drive requirement 
of the clock input on the 74LS112 (four std LS loads per input) 
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Fig. 7-46. The complete JK implementation of the system controller for the pop vending machine 
system. 
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