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Summary

While the most compelling uses of AUV docking systems involve scenarios in which the docked AUV obtains observations that would be otherwise impossible, a docking system also offers economic advantages for routine AUV operations.  Following find a simple analysis of AUV operational costs for operations in Monterey Bay.  The results should not be surprising – the AUV and docking system do not have be particularly reliable to provide significant cost savings over ship-based AUV operations.  For example an AUV-docking system with a rather high failure rate of 0.05 per mission will achieve on average 19 missions, at a cost of about $2100/mission as compared with the ship-operated AUV rate of $7800/mission (a 73% savings).  Improving the reliability to 0.01 failures per mission could lead to savings of roughly $700,000 over a single AUV deployment.  Given that MBARI is at the beginning of its AUV time series, and that other MBARI time series activity has lasted over a decade with no indication of terminating, AUV docking could be a sensible investment on economic grounds alone. 

Overview

The following calculations determine the cost of AUV operations for ship and dock operational scenarios.  This comparison examines variable costs only – in effect operating expenses for the assets.  While this does not reflect true costs of operations, it is the basis on which MBARI computes day rates for existing assets, and is therefore the fairest comparison.

A true accounting of variable costs might include data processing costs.  Since data costs are not included in MBARI day-rates of existing operational assets, it is also neglected.  If it were included, it seems likely that the docked and ship-operated AUV data would cost the same amount per kilometer, and thus would not tilt costs one way or the other.

A more realistic comparison would capture and depreciate the costs of capital assets (the AUV, the ship, the dock).  It seems likely that the docking AUV and the ship-operated AUV will be about the same cost, and the dock will be much less expensive than either the AUV or the ship.  Thus, the ‘variable costs only’ comparison used below is probably tilted towards the ship-based operations, and less favorable to docking.

Baseline AUV Operations:

The baseline for comparison will be Zephry with AUV day rate for a 12 hour day, which is currently $7800.  An average AUV survey is assumed to be 50 km, which is on the generous side.  Thus the cost of surveys using normal ship-based operations is simply:
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Here CZ(N) is the cost of N surveys with the Zephyr, which has a day rate of RZ.

Docking:

The docking scenario on which the comparison is based is as follows:

1) A dock is assumed attached to MARS.  The dock is deployed for an extended period as compared to the AUV.

2) The AUV is prepared for deployment, incurring variable costs in the form of marine technician time and AUV parts.

3) The AUV is deployed, incurring ship costs.  A Zephyr 12 hour AUV day is assumed, although it might be possible to deploy the AUV on an opportunistic

4) The AUV is operated from shore, incurring half a day Marine Tech time.

5) The AUV is operated until a failure occurs, then is recovered, incurring ship costs. 
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CN = cost of docking deployment achieving N missions

RMT = Day rate of Marine Tech

DTA = Days of work required to turn-around the AUV 

Ep = Cost of parts and supplies to turn-around AUV 

DM = Days of supervision required per mission 

N = number of missions

RDeploy = Deployment costs for AUV 

RRecover = Recovery costs for AUV

The cost of a MARS connection is not included, nor are the deployment costs of the dock.  

Reliability

Ship operations are assumed to be perfect – there are no failures.  Docked AUV operations are assumed to have a rate of failure per mission independent of the length of deployment – in other words no infant mortality, and no end-of-life mortality.  Failures are assumed to occur at the beginning of a mission (in other words, achieving no missions is a possibility).  If the probability of failure per mission is p, then the likelihood of completing exactly N missions are:
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The expected number of missions and cost savings are, respectively:
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The probability of failure per mission which has to be achieved for docking to match ship-based operations (i.e zero savings) is:
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Results

Conservative Scenario:

RZephyr = Day rate for ship-operated AUV = $7,800/day 

RMT = Day rate of Marine Tech = $1000/day

DTA = Days of work required to turn-around the AUV = 10 days

Ep = Cost of parts and supplies to turn-around AUV = $5000

DM = Days of supervision required per mission = 0.5 days

RDeploy = Deployment costs for AUV = $7,800

RRecover = Recovery costs for AUV = $7,800

In this conservative scenario, the Marine Technician costs are almost a factor of two higher than are in fact charged by DMO, a little higher even than Support Engineering time.  Note also, that the deployment and recovery costs used are those of the Zephyr.  In reality, a functional docking vehicle could be deployed just outside Moss Landing Harbor and transit on its own power to the dock.  On the other hand, the assumption that the vehicle is recovered on failure might create the need to pay a premium for a boat for recovery. 

Under this scenario, the docking system reaches break-even when the AUV failure rate (p) is better than 0.19 (i.e. lower).  

Optimistic Scenario:

RZephyr = Day rate for ship-operated AUV = $17,600/day 

RMT = Day rate of Marine Tech = $513/day

DTA = Days of work required to turn-around the AUV = 10 days

Ep = Cost of parts and supplies to turn-around AUV = $5000

DM = Days of supervision required per mission = 0.5 days

RDeploy = Deployment costs for AUV = $1500

RRecover = Recovery costs for AUV = $7,800

In this scenario, the docking AUV is used to replace the night biolum runs, which are presently charged as two days.  The actual Marine Tech day rates are used, and the deployment of the AUV is assumed to be only $1500.

Under this scenario, the docking system reaches break-even when the AUV failure rate (p) is better than 0.47 (i.e. lower).  

Performance of Docking System

Table 1 outlines the expected total deployment costs of a docking system, the savings as compared to ship-based operations, and the ratio of docking to ship-based costs for both scenarios.  These are provided for a range of failure probabilities.  The expected number of missions E(N) accomplished before failure are provided for each failure probability.   

Table 1

	Prob.
	E(N)
	Conservative E(Cost)
	Conservative E(savings)
	Ratio
	Optimistic E(Cost)
	Optimistic E(savings)
	Ratio

	0.2000
	4.0
	     32,600.00 
	           (1,400)
	            1.04 
	     20,456.00 
	          41,944 
	            0.33 

	0.1000
	9.0
	     35,100.00 
	          35,100 
	            0.50 
	     21,738.50 
	        118,662 
	            0.15 

	0.0500
	19.0
	     40,100.00 
	        108,100 
	            0.27 
	     24,303.50 
	        272,097 
	            0.08 

	0.0100
	99.0
	     80,100.00 
	        692,100 
	            0.10 
	     44,823.50 
	     1,499,577 
	            0.03 

	0.0050
	199.0
	    130,100.00 
	     1,422,100 
	            0.08 
	     70,473.50 
	     3,033,927 
	            0.02 


Figures illustrating the dependence of E(N), the expected savings per docking vehicle deployment, and the ratio of docking to ship-based AUV costs as a function of probability of mission failure are at the end of the memo.

Discussion

Reliability has obviously been enormously oversimplified in the above calculations.  Infant mortality will be a significant, although as we gain experience with the docking system, we will devise lab and test tank tests to minimize these.  Deployment lifetime limitations will, however, likely be dictated by such factors as deterioration of science payload sensors.

Vehicle failure rates

At present the longest vehicle missions of the Dorado vehicles has been about 22 hours, limited by batteries.  In the recent LOCO cruise, the CTD vehicle accumulated over 600 km of survey without significant servicing.  Note that this vehicle was deployed and recovered from the Pt Sur, likely much rougher treatment than the docking vehicle would experience.  Thus an effective range of 600 km seems within striking distance without heroic efforts, which would be 12 docking missions.  Note that a 0.05 probability of docking failure gives a 50% chance of still being operational at 12 missions.

More realistic scenarios

Operating the docked vehicle until it fails does not really seem a likely scenario.  Much more likely, experience with operations of a docked vehicle will lead to an ability to anticipate failures.  Instrumentation to monitor indicators of incipient failure will be added.  Indeed, this process is already underway, for example Bluefin has augmented the 21” vehicle design with sensors designed to monitor levels in the oil compensators.  Past experience also highlights this process; experience with the Odyssey II Ag-ZnO batteries lead to protocols which were highly successful in detecting cell failure before catastrophic failure of a battery pack.

Consequently, a more likely scenario will be that the failure modes of vehicles will become well understood, and that methods for anticipating failures will be developed.  Vehicles will be recovered before their end of lifetime, and in the event that health data indicates a failure is becoming likely, the deployment will be terminated at the convenience of the operators.

The effects of not including dock costs or failures are significant.  For Monterey Bay, the costs of installing and recovering the dock will hopefully be just one Ventana dive each ($12,400 for a 12 hour day).  The cable to attach the dock to the MARS node (or more accurately the connectors) will also be expensive.  Thus there are large incentives to keep the dock highly reliable, and simple to deploy and recover.  There is also incentive to ensure that vehicle failures do not become dock failures.  If the vehicle is stuck in the dock requiring an ROV visit, the costs of recovery go up to 10 to 12K for the Ventana dive.  The sensitivity of the docking economics to one-time costs (as opposed to running costs) are such that minimizing the expenses associated with the dock will be important to maximize the impact of the overall system.

Taking vehicle loss into account

What about the possibility of losing a vehicle altogether?  While this is not included in the calculation above, we can take a first pass by noting that there have been a number of lost vehicle incidents with the existing Dorado AUVs.  Thus far, none of these incidents has resulted in permanent loss of a vehicle, despite the fact that location devices were usually comparatively short range.  The docking vehicle will be equipped with devices to enable relocation even in an ‘over the horizon’ scenario.  Consequently, a permanent loss rate of 10% seems a reasonable and possibly high.  If the docking vehicle costs are held to $600K, then if the vehicles are operated until failure and the failure occurs when the vehicle is underway,  then one must budget $60K per deployment to account for vehicle loss.  

Controlling these costs is possible by a) reducing the chances of a failed docking mission, and b) making vehicle failures comparatively benign.  The first is clearly a major focus of the docking project.  However, the second is equally important.  Conversely, if the vehicle is grounded on the bottom in a known location, and has a drop weight that can be remotely triggered, the recovery response can be more leisurely, and recovery vessel modest (possibly the Shana Rae).  
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