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ABSTRACT Research and development teams worldwide are busy working on the technology to 

enable automation of agricultural machines. In some instances, the intent is to automate only 
specific sub-systems; others hope to achieve a fully autonomous tractor-machine system. Working 
prototypes of fully autonomous tractors already exist and are being evaluated by research and 
development teams. From the scientific literature, we learn that automation design should consider 
human factors – specifically the concept of function allocation. From function allocation theory, we 
learn that there are different models which describe the allocation of tasks between the human and 
the machine (i.e., left-over principle, compensatory principle, complementarity principle). Overall 
system performance is dependent upon the model of function allocation employed. This paper 
provides three theoretical descriptions of a semi-autonomous tractor-air seeder system based on 
three function allocation models. Based on this analysis, agricultural machinery designers are 
encouraged to consider the complementarity principle when designing semi-autonomous 
agricultural machines. 

Keywords: Function allocation, semi-autonomous agricultural machines, agricultural machinery 

design, left-over principle, complementarity principle, compensatory principle.  

 

INTRODUCTION The objective of function allocation is to first identify the tasks associated with 

operation of a system and to then decide whether each task should be completed by human 
operator or automated for completion by the machine (Lehto and Landry 2012). As a consequence 
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of new technologies and the capabilities of process automation in agricultural machines, it is critical 
that the designer of agricultural machines consider function allocation to enhance to efficiency of 
modern agricultural machines.  Automation is supposed to help farmers overcome challenges 
caused by constantly increasing complexity of agricultural machines. However, automation cannot 
simply be added to a machine without analyzing the impact on overall system performance. 
Sanchez and Duncan (2009) described differing levels of automation that have been incorporated 
into agricultural machines such as combines and tractors. Implementation of automation requires 
changes to function allocation. If tasks are not allocated correctly, it may shift the operator’s tasks 
rather than simplifying his/her duties (Morris et al. 2014). For example, a system that requires the 
operator to perform several tasks simultaneously may cause skill degradation (Jonas 2011). 
Likewise, a machine that allocates too little to the human creates a boring environment for the 
operator and potential “out of the loop” problems (Jordan 1963). There have been a report case 
where tractor driver fell asleep while operating the tractor (Fone 2007). Hence, to optimize the 
overall performance of the system, there is need to properly allocate functions between these two 
elements: human and machine (Bye et al. 1999).  

Machines show better performance in tasks that require speed, accuracy and stability of process 
especially over long periods and with multiple repetitions (Sandom and Harvey 2009); the human 
can complete the same tasks, but the performance would not be as fast, accurate or smooth in 
comparison to automation even if the person paid complete attention to the task. On the other 
hand, humans show better performance with tasks in changing conditions (Jordan 1963). The 
operator is able to perceive, evaluate, and make unconventional decisions based on knowledge 
and experience. There is evidence to suggest that it may be advantageous to allocate some tasks 
to the human operator and to automate other tasks, but how does one decide?  

There are several principles to guide the designer with respect to allocation of function in partially 
automated systems. The three main principles are the left-over principle, the compensatory 
principle and the complementarity principle (Sandom and Harvey 2009). Each of these principles 
use a different basis for allocating tasks and have been widely studied and adopted by various 
researchers and designers (Bye et. al 1999). The following sections describe each of these 
principles. Furthermore, the paper describes what a semi-autonomous tractor-air seeder system 
would look like if designed according to each of these function allocation principles. 

LEFT-OVER PRINCIPLE The left-over principle is the simplest automation philosophy. It 

suggests that for an overall system, the machine should perform as many functions as it is possible 
to automate while the remaining functions are assigned to human (Bye et al. 1999; Grote et al. 
2000; Sandom and Harvey 2009). This principle focuses on machine capability and efficiency 
without considering whether the human operator can effectively carry out the remaining non-
automated tasks (Sherry and Ritter 2002). The left-over principle is intended to minimize the 
influence of the unpredictable nature of humans (Challenger et al. 2013). Furthermore, machines 
are capable of doing a lot of things faster, more accurately, more reliably, and with fewer errors 
than humans  (Chapanis 1970).  The left-over principle ignores important human abilities such as 
learning, experience, information filtering, scheduling and reallocating activities to meet current 
constraints, and the ability of generalization and conclusion. 

COMPENSATORY PRINCIPLE The compensatory or “MABA-MABA” (‘Men-Are-Better-At, 

Machines-Are-Better-At’) principle developed by Fitts (1951) addresses some of the disadvantages 
of the left-over principle. It allocates tasks according to the capabilities and limitations of both the 
human and the machine. The goal is to utilize the individual competence of both machine and 
human (Dearden et al. 2000). Those tasks that are better executed by machine will be automated. 
Likewise, those tasks better handled by the human will be left for the human (Winter and Dodou 
2014). In this approach, the allocation of tasks is a one-time decision based on the assumption that 
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all possible states of the system can be described in advance and the abilities of humans and 
machines remain constant (Lagu and Landry 2011). Table 1 presents the criteria suggested by Fitts 
(1951) that can assist the designer when adopting the compensatory principle for agricultural 
machines. 

Table 1. The original Fitts (1951) list (Adapted from Winter and Dodou (2014)). 

S/N Human Machine 

 Humans appear to surpass present-day 
machines in respect to the following: 

Present-day machines appear to surpass 
humans in respect to the following: 

1 Ability to detect a small amount of visual or 
acoustic energy 

Ability to respond quickly to control signals and 
to apply great force smoothly and precisely 

2 Ability to perceive patterns of light or sound Ability to perform repetitive, routine tasks 

3 Ability to improvise and use flexible 
procedures 

Ability to store information briefly and then to 
erase it completely 

4 Ability to store very large amounts of 
information for long periods and to recall 
relevant facts at the appropriate time 

Ability to reason deductively, including 
computational ability 

5 Ability to reason inductively Ability to handle highly complex operations, i.e., 
to do many different things at once 

6 Ability to exercise judgment  

The shortcoming with this principle is the assumption that the capabilities of humans are generally 
the same which is unlikely the case (Hollnagel 2009). The compensatory principle does not account 
for the fact that to achieve a goal, it is often required to coordinate functions (Sandom and Harvey 
2009). Review of each function separately leads to a loss of the system representation as a whole. 
On the other hand, evaluation of the Fitts (1951) list using some criteria (Winter and Dodou 2014) 
(plausibility, explanatory, adequacy, interpretability, simplicity, descriptive adequacy and 
generalizability) indicated that the Fitts list was still valuable in current technological applications. 

COMPLEMENTARITY PRINCIPLE The two previous function allocation methods can be called 
static allocation methods because they involve a one-time allocation of responsibilities (Bye et al. 
1999). As the complexity of systems increases, there is a need to share functions between the 
human and the machine (Dearden et al. 2000). To deal with this reality, the concept of 
complimentary or dynamic function allocation was proposed by Jordan in 1963 (Grote et al. 2000). 
In this approach, there is a dynamic allocation of functions, tasks, and duties depending on the 
state of the system. It takes into account that the capacity of the human and machine as well as the 
set goals may vary depending on the situation. It therefore assigns tasks to either the human or the 
machine based on the need at the moment. This principle portrays shared responsibility with the 
aim of maintaining control of the situation and optimizing performance (Sandom and Harvey 2009). 
This means that if there is a task to be done, considering the conditions, the better of the two 
agents (human or machine) capable of providing acceptable performance (in term of efficiency) is 
assigned the task. The complementarity principle implies human–machine co-operation rather than 
human–machine interaction (Sandom and Harvey 2009).  

COMPARISON OF THREE FUNCTION ALLOCATION PRINCIPLES A summary of the different 
function allocation principles as analyzed by (Sandom and Harvey 2009) is shown in Table 2. They 
compared the three principles based on some set criteria for successful automation as well as the 
human’s view of these principles. 

 



 

 

4 

 

Table 2. Comparison of the left-over, compensatory and complementarity function allocation 
principles (Adapted from Sandom and Harvey (2009)). 

 Left-over Compensatory Complementarity 

Function 
allocation 
principle 

Leave to humans what 
cannot be achieved by 
technology 

Avoid excessive 
demands to humans 

Sustains and strengthens 
human ability to perform 
efficiently 

Purpose of 
function 
allocation 

Ensure efficiency of 
process automating 
whatever is feasible  

Ensure efficiency of 
process by ensuring 
efficiency of human-
machine interaction 

Enable the joint system to 
remain in control of process 
across a variety of conditions 

School of thought Classical human factors Human-machine 
interaction, human 
information processing 

Cognitive systems 
engineering 

View of humans 
(operators) 

None (human as a 
machine) 

Limited capacity 
information processing 
system (stable 
capabilities) 

Dynamic, adaptive, 
(cognitive), system, able to 
learn and reflect 

The left-over principle focuses more on utilizing the strength of the machine (accuracy, speed, and 
fatigue), but also assumes that the human is capable of handling whatever cannot be automated. 
This principle will be applicable in systems that require complete automation of the task or that do 
not require sudden support from the operator. The compensatory principle, on the other hand, 
recognizes the individual capabilities of human and machine, but assumes that their individual 
capability is constant (Sandom and Harvey 2009). Systems designed using this principle rely on 
interaction, although such interaction is seen as sympathetic interaction (where one element 
provides support for the other due to its inability) rather than a collaborative type of interaction. The 
compensatory principle would be suitable for designing systems in which an in-depth knowledge of 
the various tasks is known, and where there is minimal variation when performing these tasks. 
Jordan (1963) argued that in such a system, there is no substitute or backup in case one of the 
elements (human or machine) fails. Systems designed using the complementarity principle 
encourage the collective contribution of both the human and the machine when carrying out a 
specific task across different conditions. Hence, both elements may be involved in any task. With 
the complementarity principle, the human is seen to be actively involved and considered to be a 
significant member of the system such that its absence hinders the smooth operation of the system 
(Sandom and Harvey 2009). Jonas (2011) reported that using the complementarity principle to 
allocate functions resulted in higher efficiency and a safer system when compared to the other two 
principles (i.e., left-over and compensatory).  

OVERVIEW OF A TRACTOR AIR-SEEDER SYSTEM An air-seeder is an agricultural machine that 
uses air to place seeds (like canola, wheat, barley) and fertilizer in the soil. The cart containing the 
seeds and fertilizer may be situated either in front of or towed behind the soil-engaging tools. The 
entire seeding machine is pulled by a tractor which is controlled by a human operator. The 
operation of the tractor-air seeder system involves continuous monitoring and controlling of various 
sub-systems. To ensure smooth operation and to increase efficiency of system, task analysis and 
function allocation should be completed (Parasuraman et al. 2000).  Bashiri (2015) conducted a 
task analysis of tractor-air seeder operation. According to his study, operating a tractor-air seeder 
system included three main tasks: i) pre-drive, ii) drive on-road, and iii) operation in the field. His 
analysis was centered on “operation in the field” which is presented in Table 3. Some of the sub-
tasks identified were tractor navigation and velocity control, depth and speed control, seeding and 
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fertilizer application rate, monitoring fan speed and tool pressure, and monitoring seed and fertilizer 
level in the tank. 

Table 3. Task analysis for Tractor-Air Seeder monitoring and control tasks (Adapted from Bashiri 
(2015)). 
“Operation in the field” task Subtasks Task activity 

1. General system tasks 1.1. Navigation, routing and 
position control 

Identify present location  

Identify difference between 
current and desired lane 

Follow planned route 

1.2. Speed control  Identify difference between 
current and desired speed  

Adjust throttle or brake to control 
speed 

Verify adjustment of speed 

1.3. Maneuvering  Identify present speed and 
position   

Identify distance to turn point  

Adjust speed and position  

Signal turning maneuver near 
turn point  

Execute turning maneuvers 

1.4. Hazard observation  Estimate hazard potential in the 
field   

Monitor headway route and 
surroundings  

Estimate hazard potential to 
vehicle  

Execute speed and position 
control  

Execute driving maneuver to 
compensate for hazard 

1.5. Reacting to emergencies  Detect emergency condition 

Diagnose situation 

Determine action required 

Take action required 

2. Tractor related tasks 2.1. Monitor control system and 
tractor structure 

Monitor tractor conditions 

Diagnose situation 

Take action required 

2.2. Engine monitoring Monitor coolant level and 
temperature 

Monitor oil level and pressure 

Take action required 

2.3. Comfort block adjustments  Adjust climate control 

2.4. Operate lighting system Set up lighting system according 
to the lighting conditions 

3. Air seeder related tasks 3.1. Depth control Identify difference between 
current and desired parameter 
value 
Adjust parameter 
Verify adjustment of parameter 

3.2. Monitor tool pressure 

3.3. Monitor fan rpm 

3.4. Monitor seed application rate 

3.5. Monitor fertilizer application 
rate 

3.6. Monitor tank levels 

3.7. Monitor blockage 
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These sub-tasks can be grouped into three categories: i) general system tasks ii) tasks related to 
tractor monitoring and control and iii) tasks related to air seeder monitoring and control. 

 

Figure1. Hierarchical structure of tasks associated with operating of tractor-air seeder. 

 

Proper allocation of tasks between both agents (human and machine) will enable smooth operation 
of the tractor-air seeder system (TAS). The following sections present possible allocation of 
functions for a TAS based on the three principles discussed earlier (i.e., left-over, compensatory, 
and complementarity). 

TASK ALLOCATION USING DIFFERENT PRINCIPLES Factors that were considered while 
allocating tasks to both agents (human and machine) include the ideology portrayed by each 
function allocation principle, as well as the current technology, human performance and reliability of 
the automation (Dearden et al. 2000). To simplify the analysis, only three levels of automation were 
considered: 1) manual mode (tasks completed by human), 2) fully automatic mode (all tasks 
completed by machine), and 3) human-machine mode (all tasks shared by both human and 
machine).  

Tables 4, 5, and 6 describe how General System Tasks, Tractor related tasks, and Air seeder 
related tasks, respectively, would be achieved according to three function allocation principles. 
Graphical comparison of TAS tasks achieved by the three principles is presented in Figure 2. 
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Table 4. Possible automation of the General System Tasks based on three principles of function 
allocation (i.e., left-over principle, compensatory principle, complementarity principle). 

Subtask Possible level of automation 

1.1. Navigation, 
routing and 

position 
control 

Left-over: Route planning is based on machine specifications, field terrain, and 
peculiarities of the field operation. A modern GPS navigation system can plan a route 
based on defined parameters and reroute if conditions change. In most cases, the 
field operation parameters are known and routing can be done in advance. Currently, 
auto-steer systems are used to complete parallel passes in the field.  
Compensatory: Auto-steer guidance ensures better accuracy of tractor movement 
than can be achieved by a human operator. Special software is used to automate the 
process of route planning, so it is possible to fully automate this process. 
Complementarity: If the operator does not like the route planned by the automation, 
he/she can edit it or manually create the route. Auto-steer technology keeps the 
tractor along the predetermined path while moving down the field. The operator can 
switch to manual steering at any moment. 

1.2. Speed 
control 

Left-over: Agricultural machines have to attain constant speed while moving down 
the field. Modern vehicles are equipped with cruise control, which allows the vehicle 
to maintain constant speed by adjusting the engine speed and automatic gear 
shifting. Full automation of this task seems to be achievable. 
Compensatory: The machine must control tractor speed when in automatic mode. It 
is believed that the machine can perform this task more accurately than a human. 
Complementarity: Tractor speed control is an example of dynamic function 
allocation. The operator sets the required speed manually and the machine maintains 
it automatically. However, the operator always has the opportunity to intervene in 
case of changing conditions or emergency. 

1.3. Maneuvering Left-over: Maneuvering includes tasks such as headland turns. If the tractor is 
equipped with a speed control system and auto-steer guidance, it is theoretically 
possible to complete a headland turn automatically. Development of such a system is 
underway (Tu 2013), but such systems are not yet commercially available.  
Compensatory: Currently there is no commercially available navigation system for 
farm machinery that performs headland turns automatically. Because development is 
underway (Tu 2013), it is reasonable to predict that it may be possible to automate 
headland turns in the near future.  
Complementarity: Turning the tractor on the headland is a more dangerous 
maneuver than just moving along a predetermined path. Automation cannot yet 
provide reliable and safe execution of the turn, so the operator has to perform it. 

1.4. Hazard 
observation 

Left-over: Hazard observation is a complex task which includes estimation of hazard 
potential in the field, estimation of hazard potential to the vehicle, execution of speed 
and position control, execution of driving maneuver to compensate for hazard 
(Bashiri 2015). Some form of artificial intelligence would be required to perform this 
complex operation. 
Compensatory: This function is the responsibility of the operator. Unlike automation, 
which is limited to a set of instructions, the operator is able to make decisions beyond 
the normal state of the system. 
Complementarity: Current technology does not enable a safe and reliable system to 
respond to hazards, so the human operator must perform this task. 

1.5. Reacting to 
emergencies 

Left-over: Creation of a specific form of artificial intelligence is required to perform 
this complex operation automatically, so the function cannot be fully automated with 
respect to current technology. 
Compensatory: This function is the responsibility of the operator. Unlike automation, 
which is limited to a set of instructions, the operator is able to make decisions beyond 
the normal state of the system. 
Complementarity: Current technology does not enable a safe and reliable system to 
respond to emergencies, so the human operator must perform this task. 
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Table 5. Possible automation of the Tractor related Tasks based on three principles of function 
allocation (i.e., left-over principle, compensatory principle, complementarity principle). 

2.1. Engine 
monitoring 

Left-over: Engine monitoring includes monitoring of coolant and oil level, coolant and 
oil temperature, engine noise and vibration. Modern engines have electronic control 
systems with built-in sensors (including temperature and level sensors) so it is 
possible to fully automate this task. 
Compensatory: Machines can monitor many parameters simultaneously and 
continuously. This function must be automated because engines have many sensors 
that require constant and precise monitoring. 
Complementarity: As mentioned, machines perform monitoring tasks more 
accurately and precisely than humans so it is best to automate monitoring functions. 

2.2. Monitor 
control 

system and 
tractor 

structure 

Left-over: It is possible to establish a sufficient number of sensors to ensure full 
automation. 
Compensatory: The same as engine monitoring. 
Complementarity: The same as engine monitoring. 

2.3. Comfort 
block 

adjustments 

Left-over: Operator selects the desired mode of climate control, depending on 
his/her preferences. Automation of this process seems excessive, but could be done. 
Compensatory: Operator performs this task based on his/her preferences so full 
automation of the task is not necessary. 
Complementarity: Operator has to specify required temperature and the climate 
control system maintains the temperature automatically. 

2.4. Operate 
lighting 
system 

Left-over: It is possible to automate this process by using light sensors. 
Compensatory: The operator determines the necessary level of illumination, so 
there is no need to automate this task. 
Complementarity: Lighting system controls can be combined. Machine can operate 
the light system according to light sensor readings and operator can operate the 
system manually. 

 

Table 6. Possible automation of the Air Seeder related Tasks based on three principles of function 
allocation (i.e., left-over principle, compensatory principle, complementarity principle). 
3.1. Depth control Left-over: It is possible to fully automate depth control by installing corresponding 

sensors and an automatic depth control system that will keep the depth within the 
required range. If controlled parameter is out of required range and adjustment 
system cannot keep it within the range, then this system will require human 
assistance. 
Compensatory: Modern air seeders are equipped with mechanical stops to achieve 
depth control, so it is possible for the machine to automatically complete this task. 
Complementarity: Modern air seeders use a hydraulic system to maintain required 
depth, but operator has to manually set the depth and monitor it. 

3.2. Monitor tool 
pressure 

Left-over: Modern air seeders are equipped with sensors for the automatic control of 
these parameters, so it is logical to maintain the current technology.  Machines will 
not be able to fix possible malfunctions automatically, so help of the operator is 
required to find and fix problems. 
Compensatory: As mentioned above, it is better to perform these functions 
automatically. 
Complementarity:  As it mentioned above, in most cases automatic monitoring is 
more reliable, precise and accurate, so it is better to entrust these functions to the 
machine. It is possible to automate blockage monitoring, but the machine will not be 
able to remove blockage automatically. The operator help is required to find and 
remove the blockage 

3.3. Monitor fan 
rpm 

3.4. Monitor seed 
application rate 

3.5. Monitor 
fertilizer 

application rate 

3.6. Monitor tank 
levels 

3.7. Monitor 
blockage 
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Analysis of Tables 4-6 and Figure 2 has revealed that if the left-over principle is used, most of the 
tasks are allocated to the machine (automation) while the human (operator) assumes a supervisory 
role (monitoring) during the operation. The objectives of the operator are hazard observation, 
reacting to emergencies, and correction of possible malfunctions. A fully automatic system 
designed according to the left-over principle does not maintain the operator in the loop. In this case, 
there is a very high risk of situations where the operator does not know or does not understand 
what is happening in the system (Sandom and Harvey 2009), and the operator will not be ready to 
respond adequately to the situation of automation failure. It is necessary to maintain balance 
between lack of information and redundancy of information, which leads to misunderstanding of 
system status or otherwise to excessive mental workload. 

When using the compensatory principle to allocate function for a TAS system, the human is 
assigned the supervisory role as well as some control functions. In this case, the operator is 
responsible for the feedback to external factors as the machine controls internal process. According 
to Table 5, the TAS implies a greater involvement of the operator in the technological processes. A 
potential problem with this system is the lack of flexibility in the event of abnormal situations. The 
system has no ability to reallocate tasks in case of automation failure or operator choice.  

The complementarity principle ensures more flexibility between the operator and the machine. It 
considers the human as an active participant of the system which helps maintain an acceptable 
level of performance under a variety of conditions. Both agents (human and machine) are assigned 
almost the same tasks indicating that either of them could handle the task depending on the 
instantaneous need. 

 

Figure 2. Graphical comparison of function allocation during the design of a tractor-air seeder 
system according to a) the left-over principle, b) the compensatory principle, and c) the 
complementarity principle. 

 

CONCLUSION Function allocation is an essential component in the design of any machinery 

system when the goal is to achieve highest possible system performance and quality. The ideal 
automation strategy should take into account the dynamics of the human-machine system and 
consider humans and machines as a related system rather than incompatible components which 
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somehow have to work together. The complementarity principle of function allocation is the most 
suitable approach in describing current tractor-air seeder systems. The principle ensures flexibility 
in function allocation, considers the human as an active participant of the system, and allocate 
functions according to current needs to maintain stability of system performance. 
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