
𝑀 𝑡 =  𝑖𝐼0𝑡0

𝑛 𝑡 −1

𝑖=1

+mod Δt, 𝑡0 𝑛 𝑡 𝐼0 − [𝑛 𝑡 + 1]𝑐0 −max{ 𝑛 𝑡 − 9 , 0}𝑐0′ − 𝑐1 

Starcademy  

- Report 02 - 

Protoss Economy 1.01 
Nexus Income Dynamics and its Implications for Gameplay 

By Finn 

Abstract. Economical development plays a key role in many strategy 
games and it is essential for Starcraft 2 as well. Players need to balance 
building strong and stable income against exposing themselves to 
threads by their opponent. Expanding to secure additional resources  
always opens windows for potential timing attacks and all-ins. 
However, controlling the size of such timing windows, during which a 
player is vulnerable, is a complex problem. 
This paper focuses on the dynamics of Protoss economy. A rigorous 
mathematical framework will be presented first. We will then discuss 
break-even timings of expansions under various circumstances such as 
chrono-boosted versus non-chrono-boosted probe production, gold 

versus normal bases, harassment of the mineral line, worker transfer 
and different gas timings. Implications for gameplay such as the 
vulnerability against timing attacks will be analyzed quantitatively as 
well as general mineral and gas income dynamics. 
 
Structure. In the first part of this paper, a fundamental quantitative 
framework describing Protoss economy will be presented. The second 
part of this publication applies the mathematical framework to specific 
in-game scenarios to enable a rigorous quantitative analysis. All 
findings,  results and implications for gameplay are presented in the 
second part. 

Part I contains the mathematical framework this paper is built on 
whereas Part II focusses entirely on discussing results and their 
implications for gameplay.  
Reading of Part I is recommended, but not necessary to follow Part II. 
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Part I – Mathematical Framework 
Nexus Income Dynamics 

- Optional Reading - 
 

I - Basic Assumptions 
For the sake of simplicity, any worker saturation effects as well as the use of chrono-boost on probe 
production will be neglected at first. These features will successively be included later on and the 
approximations derived in this section will then be refined.   
 
Basic assumptions for gameplay:  
1) Constant probe production. We assume the player is very fast and keeps making new probes 
without any delay, i.e. as soon as probe 𝑛 finishes the player will instantaneously start production of 
probe 𝑛 + 1 (until the nexus has been fully saturated). 
2) Optimal probe distribution1 across the mineral patches (first one probe per patch, then two probes 
per patch and at last three probes per patch to minimize income reduction by partial saturation).  
 
In addition, the first part of this analysis will assume that all probes go straight to mining minerals. 
Harvesting gas will be considered later. 
 

 

II - Unsaturable Nexus without Chrono Boost 
Let 𝑀(𝑇0, 𝑡) denote the “total mineral balance” of a new nexus at any expansion location (e.g. the 
natural). 𝑀(𝑇0, 𝑡) represents the total amount of minerals mined at that  expansion minus the sum of 
all investments that had to be made to establish the expansion in it’s current state (i.e. including 
worker production cost, worker supply, etc.).  
Let 𝑇0 denote the point in time when the warp-in of the nexus has finished and let 𝑡 denote current 
game time. Δ𝑡 = 𝑡 − 𝑇0 will then represent the current life time of the new nexus.  
 
a) The total amount of minerals mined at time 𝑡 𝑀1 𝑇0, 𝑡  can be expressed as 

 

𝑀1 𝑇0, 𝑡 =  𝑖 ∙ 𝐼0𝑡0

𝑛 𝑡 −1

𝑖=1

+mod Δ𝑡, 𝑡0 𝑛 𝑡 𝐼0, 

 

where2 𝑛 𝑡 = floor
Δ𝑡

𝑡0
= floor

t−T0

𝑡0
 denotes the current number of workers (excluding the one 

still in production) and 𝑡0 = 17 sec  is the build time of a probe. 𝐼0 represents standard probe income 
of 2/3 minerals per second and Δ𝑡 = 𝑡 − 𝑇0 the time since the nexus finished warping in as explained 
above.  
 
Explanation: At any time 𝑡 > 𝑇0 different workers have been mining for different periods of time. 
During the time 𝑡0 it takes to create one additional worker (addressed as one ‘worker creation cycle’ 
or simply one ‘cycle’ in the following) all pre-existing workers have been mining 𝐼0𝑡0 minerals. The 
first term in the equation above gives the amount of minerals mined during all completed worker 
creation cycles. The second term describes minerals mined in the time during the last, unfinished 
worker cycle.  
A simple breakdown of  the argumentation above can be found in Chart 1 in form of a graphic 
illustration. 
 
Example: Imagine the nexus finished at 𝑇0 = 4: 00 min and the current game timer reads 𝑡 =
4: 56 min.  In this case there have been 3 complete worker cycles of 𝑡0 = 17 sec. The current number 

of workers is 𝑛 𝑡 = floor
Δ𝑡

𝑡0
= floor

56

17
= floor(3 +

5

17
) = 3. The first worker has been mining 

for two entire cycles and the second one for one complete cycle, so all together the three workers 
mined for three complete worker creation cycles and thereby harvested a total of 3𝐼0𝑡0  =  3 ∙ 17 ∙
2

3
 = 34 minerals. The current (unfinished) worker creation cycle lasted mod Δ𝑡, 𝑡0 = mod 56,17 =

5 seconds at this point in time. During that time the three workers have been mining 3 ∙ 5 ∙
2

3
=

10 minerals. So in total, the nexus returned 𝑀1(4: 00, 4: 56)  = 44 minerals in the 56 seconds since it 
finished warping in. 
 
b) The sum of all investments 𝑀2(𝑇0, 𝑡) is given by the actual cost of the nexus plus the cost of the 
finished probes 𝑛(𝑡) and the probe that is currently in construction: 
 

 𝑀2 𝑇0, 𝑡 = 𝑛 𝑡 + 1 𝑐0 +max { 𝑛 𝑡 + 1 − 10 , 0}𝑐0′ + 𝑐1, 
 
were 𝑐0 = 50 minerals represents the cost of a single probe (not including its supply cost). 𝑐1 = 420 
minerals is the actual cost of the nexus (including typical worker travel time to the location of the 
natural expansion13) and 𝑐0’ = 12.5 minerals is the supply cost of a single probe. Please note that the 
nexus provides ten supply which are taken into account in the second term. 
If the player had decided not to take an expansion (for instance to increase army size and make a 
timing push or all-in) all the minerals represented by 𝑀2 𝑇0, 𝑡  would have been available for other 

purposes, e.g. to increase army size. 
Example: Returning to the example above, the minerals invested into probe production at time 
𝑡 = 4: 56 were  𝑛 𝑡 + 1 𝑐0  + 0 = 3 + 1 ∙ 50 = 200 minerals.  This means, in total 
𝑀2 4: 00,4: 56 = 200 + 0 + 420 = 620 minerals have been invested into the nexus. 
 
c) The total mineral balance of (1) all income from the nexus and (2) all investments into the nexus at 
time 𝑡 is then given by  
 

𝑀 𝑇0, 𝑡 = 𝑀1 𝑇0, 𝑡 − 𝑀2 𝑇0, 𝑡

=  𝑖 ∙ 𝐼0𝑡0

𝑛 𝑡 −1

𝑖=1

+mod Δ𝑡, 𝑡0 𝑛 𝑡 𝐼0 − 𝑛 𝑡 + 1 𝑐0

−max { 𝑛 𝑡 + 1 − 10 , 0}𝑐0′ − 𝑐1 
 
Which can be simplified3 to 
 

𝑀 𝑇0, 𝑡 =
1

2
𝑛 𝑡 − 1 𝑡0 +mod 𝛥𝑡, 𝑡0 𝑛 𝑡 𝐼0 − 𝑛 𝑡 + 1 𝑐0 −max { 𝑛 𝑡 − 9 , 0}𝑐0′ − 𝑐1 

 
with 𝑀 𝑇0, 𝑡 = 0  for 𝑡 <  𝑇0 − 100  sec, and 𝑀 𝑇0, 𝑡 = −c1   for T0 − 100 sec < 𝑡 <  𝑇0 , 
respectively. 
 
Example: In the example above the total mineral balance of the nexus M(4:00,4:56) = 44-620= -576 
minerals. 
 
Please note: One feature of 𝑀(𝑇0, 𝑡) is 
 

𝑀 𝑎1, 𝑎2 = 𝑀 0, 𝑎2 − 𝑎1 = 𝑀 𝑎1 − 𝑎2, 0 . 
 
This will be used in Section VI (Gas mining). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

III - Mineral Income 
The time derivative of 𝑀(𝑇0, 𝑡) describes mineral income 𝐼 𝑇0, 𝑡  of a new nexus at time 𝑡: 𝐼 𝑇0, 𝑡 ≔
𝑑

𝑑𝑡
𝑀(𝑇0, 𝑡). Income can be negative in case the current investments into the nexus exceed the 

resources it currently returns (e.g. when making the first few probes). Because 𝑀(𝑇0, 𝑡) is a 
continuous, but not a smooth function it is cleaner to approximate mineral income with 

𝐼 𝑇0, 𝑡 ≔
𝑀 𝑇0,𝑡+𝛿𝑡 −𝑀(𝑇0,𝑡) 

𝛿𝑡
, with 𝛿𝑡 being a finite time interval. Let us chose 𝛿𝑡 ≔ 𝑡0 in the 

following, so that 𝐼 𝑇0, 𝑡  represents the change of the total mineral balance within the next worker 
creation cycle. 
 
First Positive Income (FPI) 
Establishing a new expansion requires significant on-going investments, such as supply for probes or 
simply the cost of a new probe every 17 seconds (again assuming constant probe production and not 
yet taking chrono boost into account). Even with a few probes mining already, on-going investments 
can exceed incoming resources. This brings up the question: “When does a new expansion start 
contributing economically?”.  
 
 
 
 

The answer to this question can be very important for in-game decisions. It allows players to know 
exactly how long after expanding they can start increasing their investment into infrastructure or 
army size, respectively.  
 
In case you want to test your game sense write down your estimate for the number of probes that 
need to be produced at a new expansion to make the nexus start contributing economically before 
reading on. 
 
The first time nexus income becomes positive does not coincide with the point in time when the 
nexus has an overall positive mineral balance. The point of FPI only marks the time when the nexus 
starts to ‘earn’ minerals instead of ‘losing’ them. To break even, it still needs to return a sufficient 
amount of minerals to cover all the investments previously made to establish the expansion. (The 
actual break-even of a new expansion is addressed in Section B.) 
 
Calculation of FPI 
One can answer the question of FPI with a straight forward calculation by looking for the minimum of 
all times 𝑡 which solve 𝐼 𝑇0, 𝑡 >0. Let us w.l.o.g4 assume 𝑇0 = 0 in the following, so that 𝑡 = Δ𝑡  
directly describes the length of the time interval since the nexus has finished warping in. Let us also 
assume constant probe production (without chrono boost for now) and let us use the definition for 
mineral income given in the paragraph above with 𝛿𝑡 ≔ 𝑡0. Last but not least, we assume 𝑛(𝑡)  <
9 at first so that one term can be neglected:   
 

−max{ 𝑛 𝑡 + 𝑡0 − 9], 0 𝑐0′ = −max{ 𝑛 𝑡 − 8], 0 𝑐0
′ = 0   for  𝑛 𝑡 < 9 

 
Mineral income can then be expressed as: 
 

I 0, 𝑡  t0 ≔ M 0, t + t0 −M 0, t

=  
1

2
𝑛 𝑡 + 𝑡0 𝑛 𝑡 + 𝑡0 − 1 𝐼0𝑡0 +mod 𝑡 + 𝑡0, 𝑡0 𝑛 𝑡 + 𝑡0 𝐼0

− 𝑛 𝑡 + 𝑡0 + 1 𝑐0  − max{ 𝑛 𝑡 + 𝑡0 − 9], 0 𝑐0′ − 𝑐1 − M 0, t  

 
The choice 𝛿𝑡 = 𝑡0 allows us to simplify this expression. First 
 

 𝑛 𝑡 + 𝑡0 = floor
𝑡+𝑡0

𝑡0
= floor

𝑡

𝑡0
+ 1 = floor

𝑡

𝑡0
+ 1 = 𝑛 𝑡 + 1 

 
and secondly mod 𝑡 + 𝑡0, 𝑡0 = mod(𝑡, 𝑡0). Now we can re-write the income-term above: 
 

I 0, 𝑡  t0 =
1

2
𝑛 𝑡 + 1 𝑛 𝑡 𝐼0𝑡0 +mod 𝑡, 𝑡0 𝑛 𝑡 + 1 𝐼0 − 𝑛 𝑡 + 2 𝑐0  − 𝑐1 −M 0, t

= 𝑛 𝑡 𝐼0𝑡0 +mod 𝑡, 𝑡0 𝐼0 − 𝑐0 +𝑀 0, 𝑡 − M 0, t

= floor
𝑡

𝑡0
𝐼0𝑡0 +mod 𝑡, 𝑡0 𝐼0 − 𝑐0, 

 
so that we finally only need to solve  
 

I 0, 𝑡  t0 = floor
𝑡

𝑡0
𝐼0𝑡0 +mod 𝑡, 𝑡0 𝐼0 − 𝑐0 > 0        ∆ , 

 
By restricting the time resolution to 𝑡 = 𝑚 ∙ 𝑡0 (with 𝑚 being a natural number) the solution will be 
expressed in worker cycles which is a common notation in Starcraft (e.g. build orders). Equation (∆) 
has the straight forward solution of all times with positive income PI ≔ 𝑡 𝐼 0, 𝑡  t0 > 0 and ∃ 𝑚 ∈
𝐍: 𝑡 = 𝑚 ∙ 𝑡0} = {𝑚𝑡0 ∈ 𝐍𝑡0|𝑚 ≥ 5} so that we finally find FPI = min PI = 5𝑡0  (= 1: 25 min).  
 
This means a Protoss expansion starts to contribute economically after 5 probes have been produced 
at it (or 1:25 min have passed since the nexus finished warping in). 
 
Alternative Approach 
Another way to look at this problem is to understand that constant probe production (for less than 
nine probes) requires and ongoing investment of 50 minerals every 17 seconds or 2.94 minerals per 

second. Four probes mine only 4 ∙
2

3
 =  2.67 minerals per second, however five probes mine 

5 ∙
2

3
= 3.33 minerals per second. This means five probes can support constant probe production and 

still have some minerals income left over.  
 
When the supply of the nexus is used up at 𝑛(𝑡) = 9, the nine probes need to make (50+12.5) / 
17=3.67  minerals per second to keep up probe production and contributing economically, which they 

do as 9 ∙
2

3
 minerals per second = 6 minerals per second. 

 
FPI with Chrono Boost 
In case all chrono boost of the nexus is spent on probe production, probe building time effectively 
decreases from 𝑡0 = 17 sec to 𝑡0’ = 13.82 sec, c.f. Section IV (Chrono Boost). Solving equation (∆) for 
𝑡0’ leads to FPI′ = 6𝑡0’  (= 1: 23 min).  

Probe
#2 

Probe
#1 

Probe
#3 

… 

… 

Probe 
#16 

𝑇0 + 𝑡0 

ti
m

e 
𝑡 
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A chrono boosted nexus starts contributing economically 2 seconds earlier than a non-chrono boosted 
nexus, namely 1:23 min after completion (or when 6 probes have been chrono-boosted out). 
 
 

IV - Saturable Nexus without Chrono Boost 
This section will complement the framework developed above by including two saturation effects.  
1) First, the effect of partial probe saturation2 i.e. the decrease of average probe income if three instead 
of one or two probes are mining from the same mineral patch.  
2) Second, the effect of full saturation2, i.e. no further increase in nexus income if more than three 
probes are mining from the same mineral patch. 
 
Incorporation of Saturation Effects 
Including saturation effects can be achieved with a simple trick: Technically one can account for (partial) 
saturation by keeping the previously derived term for 𝑀1(𝑡) (c.f. Section II) for the first 16 workers but 
adding another similar term for any additional workers, but with a reduced income rate 𝐼’ instead of 𝐼0. 
However, the average mineral income of all workers at a mineral patch (either saturated or not) must be 
the same as if all workers on that patch contributed equally. The latter is of course the case in reality but 
as we are only interested in the total amount of minerals mined by all workers it will not make a 
difference for the mineral income of the nexus. 
 
The reduced income 𝐼’ of any additional workers 𝑛2(𝑡) needs to be adjusted such that the average 
income of three workers at one mineral patch equals 34 minerals5,6 per minute (in contrast to 𝐼0 =40 
minerals per minute without saturation effects5,6). Since we do not want to change the income of the 
first two workers on each mineral patch for technical reasons, we need to adjust the income of the 
 

third, additional worker at each patch:
1

3
2𝐼0  +  𝐼’ = 34 minerals/min ⇒ 𝐼’ =

11

30
minerals/sec (= 0.3667 

minerals/sec). 
Please note: This is a rather technical procedure to extend the equations derived in Section II which is 
viable because it leads to the same results for the total amount of minerals mined at a nexus. However, 
in reality all workers on a mineral patch contribute equally to mineral income. 
 
Probe Break Even Times 
The considerations of saturation effects in the paragraph above allow a quantification of the time it takes 
for individual probes to break even with their own cost: 
 
 
 
 
[a] Please note, that times above only represent mining time untill break even. Probe build time can be included to get the 
total time between the initial investment and the probe‘s break-even. Regular build time is 0:17 min; Chrono-boosted 
probes build in 0:14 sec. 
[b] Note that when a third worker starts mining on a mineral patch it reduces income of the other two probes at the same 
patch. This means that the third worker individually breaks even after mining for 1:50 min, but it also damages the overall 
economy. Taking this damage into account the mining time it takes for such a worker to break even is (50 minerals + 12.5 
minerals) / I‘ = 2:50 min, not counting probe production timea. 

 
Example: Probe number four at a new nexus  needs to mine for 1:15 minutes to return its 
investment. However, probe number 20 already needs to mine for almost two minutes (1:50 
min) to break even. 
 
Saturation effects 
In order to account for “different types“ of workers it is necessary to adjust 𝑛(𝑡) which has 
been describing the worker count so far. Let 𝑛1(𝑡) denote the amount of workers with full 
income 𝐼0 and 𝑛2(𝑡) denote the number of workers with reduced mineral income 𝐼‘. The 
total number of mining workers 𝑁 at time 𝑡 is then given by 𝑁 𝑡 = 𝑛1(𝑡)  +  𝑛2(𝑡).  
 
Let us first replace 𝑛(𝑡)  =  floor(Δ𝑡/𝑡0) with  
 

𝑛1 𝑡 ≔ min floor
Δ𝑡

𝑡0
, 16 = min{n t , 16} 

 
which equals capping 𝑛(𝑡) at 16. 𝑛2(𝑡) can be expressed by 
 

𝑛2(𝑡) ≔

0                              if    floor(Δ𝑡/𝑡0) < 16

floor
Δ𝑡

𝑡0
− 16   if    floor(Δ𝑡/𝑡0) ≥ 16

8                               if    floor(Δ𝑡/𝑡0) > 24

 

 
 
Minerals Mined 
The total amount of minerals mined 𝑀𝑛1 𝑇0, 𝑡  of the first (up to) 16 workers then looks 

similar to the expression previously derived in Section II, with the exception that 𝑛(𝑡) has to 
be replaced by 𝑛1(𝑡): 
 

𝑀𝑛1 𝑇0, 𝑡 =
1

2
𝑛1 𝑡 − 1 𝑡0 +mod 𝛥𝑡, 𝑡0 𝑛1 𝑡 𝐼0, for  𝑛1 ≤ 16. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 shows the functions 𝑛1 𝑡  and 𝑛2 𝑡 . 
 
 
 
When worker count exceeds 16, the first 16 workers will continue to contribute linearly to income 
which needs to be taken into account in the equation above. For any worker number 𝑛1(𝑡) the total 
contribution of the first 16 workers to total amount of minerals mined 𝑀𝑛1 then becomes 

 

𝑀𝑛1 𝑇0, 𝑡 =
1

2
𝑛1 𝑡 − 1 𝑡0 +mod 𝛥𝑡, 𝑡0 𝑛1 𝑡 𝐼0 + 16𝐼0𝑡0 max 0, floor

Δ𝑡

𝑡0
− 16  

 
This expression can be simplified to 
 

𝑀𝑛1 𝑇0, 𝑡 =
1

2
𝑛1 𝑡 − 1 𝑡0𝑛1 𝑡 𝐼0 + Δ𝑡 − 𝑛1 𝑡 𝑡0 𝑛1 𝑡 𝐼0 

 
The total mineral balance 𝑀𝑛2 of the additional workers with saturation effects, i.e. reduced income, 

can be expressed very similarly except that the supply of the additional workers has already been 
incorporated above: 
 

𝑀𝑛2 𝑇0, 𝑡 =
1

2
𝑛2 𝑡 − 1 𝑡0 +mod 𝛥𝑡, 𝑡0 𝑛2 𝑡 𝐼′ + 8𝐼′𝑡0max 0, floor

Δ𝑡

𝑡0
− 24  

=
1

2
𝑛2 𝑡 − 1 𝑡0𝑛2(𝑡)𝐼′ + [Δ𝑡 − 16𝑡0 − 𝑛2 𝑡 𝑡0]𝑛2 𝑡 I’ 

 
 
Explanation 
Chart 2 shows a visual illustration of all terms above describing incoming minerals. Investments are 
not yet considered.  
 
The vertical axis on the left represents in-game time. Colored boxes represent minerals mined by one 
probe in one complete worker creation cycle. Half-filled boxes represent incoming minerals from 
unfinished workers cycles. Blue boxes represent workers with full icome; purple boxes represent 
workers with reduced income. 
 
In total, there will be a sum of six terms describing the amount of minerals mined – three terms for 
the ‘saturated’ workers with reduced income and three for the first 16 (or ‘unsaturated’) workers with 
full income. 
 
When probe production starts, the amount of minerals mined will grow quadratic in time first (term I) 
until there are two probes at every mineral patch.  The next eight probes will still increase income and 
also contribute quadratic but with a weaker slope since their income 𝐼’ is reduced (term IV). While 
probes 17 to 24 are produced, the original 16 probes with full income keep mining but as their 
number is not changing anymore they only contribute linearly in time from this point on (see term II 
for complete cycles and term III for incomplete cycles). When probe count reaches 24 the last eight 
probes stop contributing quadratic as well (terms V and VI). From this point on the amount of 
minerals mined at the nexus only grows proportionally to time i.e. mineral income remains constant. 
 
Minerals Invested 
The expression for all investments made to establish the nexus in its current state will look similar to. 
 
 

the one derived in Section II. However, it is necessary to split up some terms here as probe production 
will not continue infinetely 
 
Minerals Invested 
The expression for all investments made to establish the nexus in its current state will look similar to 
the one derived in Section II. However, it is necessary to split up some terms here as probe production 
will not continue infinetely.  
 
The following table lists and explains all investments into the nexus: 
 
 
 
 
 
 
 
 
 
with 𝜁(𝑡) ≔ min {24 − 𝑛1 𝑡 − 𝑛2(𝑡), 1}. 𝜁 equals 1 as long as a probe is in production and zero 
otherwise (assuming 𝑡 > 𝑇0). In total, we find for all investments made into the nexus: 
 

𝐶 𝑡 ≔ −𝑐1 − 𝑛1 𝑡 + 𝑛2 𝑡 𝑐0  − 𝑐0𝜁(𝑡)  − max 𝑛1 𝑡 + 𝑛2 𝑡 + 𝜁(𝑡) − 10 , 0 𝑐0′ 
 
 
Saturable Nexus Without Chrono Boost 
Finally, the total mineral balance for a saturable nexus (without chrono boost) 𝑀’(𝑇0, 𝑡) is given by  
 
𝑀’ 𝑇0, 𝑡 = 𝐼 + 𝐼𝐼 + 𝐼𝐼𝐼 + 𝐼𝑉 + 𝑉 + 𝑉𝐼 − 𝐶(𝑡) = 𝐼 + 𝐼𝐼

′ + 𝐼𝑉 + 𝑉′ − 𝐶(𝑡)

=
1

2
𝑛1 𝑡 − 1 𝑡0𝑛1 𝑡 𝐼0 + Δ𝑡 − 𝑛1 𝑡 𝑡0 𝑛1 𝑡 𝐼0 +

1

2
𝑛2 𝑡 − 1 𝑡0𝑛2(𝑡)𝐼′

+ [Δ𝑡 − 16𝑡0 − 𝑛2 𝑡 𝑡0]𝑛2 𝑡 I’− 𝑐1 − 𝑛1 𝑡 + 𝑛2 𝑡 + 𝜁(𝑡) 𝑐0  
− max 𝑛1 𝑡 + 𝑛2 𝑡 + 𝜁(𝑡) − 10 , 0 𝑐0′ 

 
Please note that gas mining is not yet included here, but will be considered in Section VI. 24 mineral mining workers 
are technically possible but it is very unusual to have that many mineral mining workers without any gas mining.  

 
 
 
 

Time it takes for probes 1-10 to break even: 50 minerals / 𝐼0  =  1:15 mina 
Time it takes for probes 11-16 to break even: (50 minerals + 12.5 minerals) / 𝐼0  =  1:34 mina 
Time it takes for probes 17-24 to break even: (50 minerals + 12.5 minerals) / (34 min/min)  =  1:50 mina,b 
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Residuum term (III) 
(unfinished worker cycles) 
mod Δ𝑡, 𝑡0 ∙ [𝑛1 𝑡 𝐼0] 

Residuum term (VI) 
mod Δ𝑡, 𝑡0 ∙ [𝑛2 𝑡 𝐼

′] 
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−max 𝑛1 𝑡 + 𝑛2 𝑡 + 𝜁(𝑡) − 10 , 0 𝑐0′ supply cost (nexus provides 10 supply) 
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IV. Saturable Nexus with Chrono Boost 
In this section, the use of chrono-boost to hasten probe production will be quantified and 
incorporated into the previously established quantitative framework.  
Since we want to learn when a new nexus independently breaks even, we will assume that the nexus 
is only chrono boosted with its own energy and that all available energy will be invested into speeding 
up worker production (e.g. to reach break-even as fast as possible). 
 
Chrono boost mechanics 
Chrono boost lasts 20 sec7, increases production speed by 50% and uses up 25 energy7,8. Nexi start 
with zero energy9 and regenerate energy with a rate of 0.5625 energy per in-game second9. This 
means one chrono boost is available every 44 sec.  
 
Chrono boost reduces worker build time from 17 sec to 11.33 sec leaving another 8.67 sec of chrono 
boost available for the consecutive worker in production. This means in total chrono boost reduces 30 
sec of worker production time down to 20 sec, i.e. it saves 10 sec of worker production time every 44 
sec.  
Therefore, maximal use of chrono boost on a building will reduce 54 sec of production time to 44 sec 
production time, which is a effective speed up of 1.23.  
 
Mean field approach 
This section will introduce the use of chrono boost into the framework above using a mean field 
approach10 by replacing the original probe production time 𝑡0 with the average probe production 
time 𝑡0

′  under maximal use of chrono boost. 
 

𝑡0 = 17 sec  →   𝑡0
′ ≔

𝑡0
1.23

= 13.82 sec 

 
Adapting the expression derived in Section III, we find for the total mineral balance 𝑀𝑐

′  of a saturable 
nexus with chrono boost: 
 

𝑀𝑐
′ 𝑇0, 𝑡 =

1

2
𝑛1 𝑡 − 1 𝑡0

′𝑛1 𝑡 𝐼0 + Δ𝑡 − 𝑛1 𝑡 𝑡0
′ 𝑛1 𝑡 𝐼0 +

1

2
𝑛2 𝑡 − 1 𝑡0

′𝑛2(𝑡)𝐼′ + [Δ𝑡 − 16𝑡0
′

− 𝑛2 𝑡 𝑡0
′ ]𝑛2 𝑡 𝐼′ − 𝑐1 − 𝑛1 𝑡 + 𝑛2 𝑡 + 𝜁(𝑡) 𝑐0  

− max 𝑛1 𝑡 + 𝑛2 𝑡 + 𝜁(𝑡) − 10 , 0 𝑐0′ 
 
with 

𝑛1 𝑡 = min floor
Δ𝑡

𝑡0
′ , 16  

 

𝑛2(𝑡) =

0                              if    floor(Δ𝑡/𝑡0
′ ) < 16

floor
Δ𝑡

𝑡0
′ − 16   if    floor(Δ𝑡/𝑡0

′ ) ≥ 16

8                               if    floor(Δ𝑡/𝑡0
′ ) > 24

 

 
 

V. Saturable Nexus with Chrono Boost at Gold Location 
The first two mineral mining workers at a golden mineral patch return 7 minerals per trip (compared 
to 5 minerals at a normal blue patch). This means their income goes up by 40% resulting in an average 

mineral income of 𝐼gold = 1.4 𝐼0 =
14

15
minerals per second. The third worker at each mineral patch 

harvests 𝐼gold
′ = 1.4 𝐼′ =

77

150
 minerals per second. 

However, gold expansions only provide six mineral patches. They are saturated already with 12 or 18 
workers, respectively.  
 
These changes can easilty be incorporated into our expression from Section IV, so that we find for the 
total amount of minerals mined at a gold expansion: 
 

𝑀𝑐,gold
′ 𝑇0, 𝑡 =

1

2
𝑛1 𝑡 − 1 𝑡0

′𝑛1 𝑡 𝐼gold + Δ𝑡 − 𝑛1 𝑡 𝑡0
′ 𝑛1 𝑡 𝐼gold +

1

2
𝑛2 𝑡 − 1 𝑡0

′𝑛2(𝑡)𝐼gold
′

+ [Δ𝑡 − 12𝑡0
′ − 𝑛2 𝑡 𝑡0

′ ]𝑛2 𝑡 𝐼gold
′ − 𝑐1 − 𝑛1 𝑡 + 𝑛2 𝑡 + 𝜁(𝑡) 𝑐0  

− max 𝑛1 𝑡 + 𝑛2 𝑡 + 𝜁(𝑡) − 10 , 0 𝑐0′ 
 
with 

𝑛1 𝑡 = min floor
Δ𝑡

𝑡0
′ , 12  

 

𝑛2(𝑡) =

0                              if    floor(Δ𝑡/𝑡0
′ ) < 12

floor
Δ𝑡

𝑡0
′ − 12   if    floor(Δ𝑡/𝑡0

′ ) ≥ 12

6                               if    floor(Δ𝑡/𝑡0
′ ) > 18

 

 
𝜁 𝑡 ≔ min 18 − 𝑛1 𝑡 − 𝑛2 𝑡 , 1 . 

 
 
 

VI. Gas Mining 
Harvesting gas plays a crucial role for Protoss army development. It has been neglected so far but will 
be incorporated into our quantitative framework in this section.  
 
Taking gas 
Let us assume, that the player starts warping in the first assimilator at time 𝑡𝛼 ≥ T0 and the second 
one at 𝑡𝛽 ≥ 𝑡𝛼 ≥ 𝑇0 (w.o.l.g.4). Let us furthermore assume, that the player saturates the assimilators 

with three probes each right when they finish warping in, namely at times11 𝑡𝛼
′ ≔ 𝑡𝛼  + 30 sec and 

𝑡𝛽
′ ≔ 𝑡𝛽  + 30 sec. Immediate saturation implies 𝑡𝛼

′ ≥ 𝑇0 + 3𝑡0 and 𝑡𝛽
′ ≥ 𝑇0  +  6𝑡0. 

 
Please note: There are some Protoss builds which favor putting two probes in each geyser for a 
limited period of time in the early game (e.g. aggressive mothership/warp-gate pokes, proxy stargate 
builds, etc.). For the sake of simplicity these openings are neglected here. However, necessary 
adaptions to the equations presented in this section are straight-forward to make. The framework 
developed in the following provides a well-established basis to do so. 
 
Necessary Adjustments 
In order to include gas mining into our quantitative framework we need to make several adjustments: 
(1) At times 𝑡𝛼

′  and 𝑡𝛽
′  the amount of mineral mining probes decreases by three, i.e. the previously 

derived term for mineral mining needs to be adjusted accordingly.  
(2) At times 𝑡𝛼 and 𝑡𝛽 the assimilators start warping in which comes with a cost of 𝑐2 =75 minerals11.  

 
An adaption to probe and/or supply cost is not necessary as (1) only pre-existing probes will be used 
for gas mining and (2) we still assume constant probe production until saturation.  
 
Gas Mining Workers 
The total amount of mined gas will be denoted by 𝐺(𝑡) in the following. Because assimilators will be 
saturated right away gas income can simply be expressed as  
 

𝐺 𝑡 =  𝐺𝛼 𝑡 + 𝐺𝛽 𝑡 =  3𝐼𝐺max 𝑡 − 𝑡𝛼
′ , 0 + 3𝐼𝐺max 𝑡 − 𝑡𝛽

′ , 0 , 

 

where 𝐼𝑔 ≔
121.5

3∗60
 gas/sec =  0.675 gas/sec denotes gas income12 per second and probe.  

 
Let 𝑛𝐺(𝑡) denote the total number of gas mining workers at time 𝑡. According to the assumptions 
above, it can be expressed as: 
 

𝑛𝐺 𝑡 ≔   

0    if              𝑡 < 𝑡𝛼
′

3    if    𝑡𝛽
′ > 𝑡 ≥ 𝑡𝛼

′

6    if              𝑡 ≥ 𝑡𝛽
′

 

 
 
Gas Income 
Let 𝐼𝐺(𝑡) denote the amount of gas mined per second, similarly to the term used for mineral income 
in Section III. We find 
 

𝐼𝐺 𝑡 ≔  
𝑑𝐺

𝑑𝑡
𝑡 =   

0    if              𝑡 < 𝑡𝛼
′

3𝐼𝐺     if    𝑡𝛽
′ > 𝑡 ≥ 𝑡𝛼

′

6𝐼𝐺     if              𝑡 ≥ 𝑡𝛽
′

 

 

Note: 𝐺(𝑡) is not a smooth function at 𝑡𝛼
′  and 𝑡𝛽

‘  meaning the definition above is not entirely correct. 

However, we will still (carefully) use it for the sake of simplicity. 
 
As you can see from the equations above, there is a fundamental difference between mining minerals 
and mining gas: In almost all gameplay scenarios gas income is constant in time whereas mineral 
income increases (linearly) for a long period of time each time an expansion has been established, cf. 
Section I-VI.  
 
Impact on Mineral Mining 
Let us now consider the impact of mining gas on mineral income. We will make the assumption that 
both gas geysers will be taken within the first 16 workers at the new nexus, i.e. 𝑡𝛼

′ , 𝑡𝛽
′ ≤ 𝑇0 + 16𝑡0. 

This assumption is relatively safe to make for Protoss as it is a gas-intensive and often times late-game 
focused race.  
 
To make the necessary adaptions to our expressions for mineral mining, the loss of three mineral 
mining workers at times 𝑡𝛼

′  and 𝑡𝛽
′  needs to be incorporated. Let us first adjust worker numbers by 

replacing 𝑛1 and 𝑛2 from the previous sections as follows: 
 

𝑛1 𝑡   →   𝑛1
′ 𝑡 ≔ min floor

Δ𝑡

𝑡0
− 𝑛𝐺(𝑡), 16  

 
 
 
 

𝑛2 𝑡   →    𝑛2
′ 𝑡 ≔

  0                                           if    floor
Δ𝑡

𝑡0
− 𝑛𝐺(𝑡) < 16

  floor
Δ𝑡

𝑡0
− 𝑛𝐺 𝑡 − 16           if   24 ≥  floor

Δ𝑡

𝑡0
− 𝑛𝐺(𝑡) ≥ 16

   8                                           if    floor
Δ𝑡

𝑡0
− 𝑛𝐺(𝑡) > 24

 

 
 
Note that the constraints for 𝑡𝛼

′  and 𝑡𝛽
′  from above still apply. Furthermore, the total number of 

probes 𝑁‘(𝑡) is now given by 𝑁‘ 𝑡 = 𝑛1
′ 𝑡 + 𝑛2

′ 𝑡 + 𝑛𝐺 𝑡 . 
 
Support Functions 
1. Let us generalize the function 𝑛1 𝑡  as follows, namely from  
 

𝑛1 𝑡 ≔ min floor
t − T0
𝑡0

, 16   

to  

𝑛1 𝑡1, 𝑡2 ≔ min floor
t2 − t1
𝑡0

, 16  

 
with 𝑡2 > 𝑡1. We will be using 𝑛1(𝑡1, 𝑡2) as a support-function in the following. It‘s original meaning 
of representing the “unsaturated“ number of workers still holds to some extend. However, the actual 
number of “unsaturated“ workers is denoted by 𝑛1

′ (𝑡) when gas mining comes into play. 
 
2. Accodring to Section III and IV, the total amount of minerals mined at a saturable nexus with 
chrono boost can be expressed as 
 

𝑀𝑛1 𝑇0, 𝑡 + 𝑀𝑛2 𝑇0, 𝑡

=
1

2
𝑛1 𝑡 − 1 𝑡0

′𝑛1 𝑡 𝐼0 + (𝑡2 − 𝑡1) − 𝑛1 𝑡 𝑡0
′ 𝑛1 𝑡 𝐼0

+
1

2
𝑛2 𝑡 − 1 𝑡0

′𝑛2 𝑡 I’+ [(𝑡2−𝑡1) − 16𝑡0 − 𝑛2 𝑡 𝑡0
′ ]𝑛2 𝑡 I’. 

 
Please note, that the grey term (representing minerals mined by workers 17-24 with reduced income) 
does not play any role for the incorporation of gas mining as we assume gas to be taken before each 
mineral patch is saturated with two probes, i.e. 𝑛2(𝑡)  = 0. Therefore, we define and use the 
following (and slightly generalized) function: 
 

𝜔 𝑡1, 𝑡2 ≔
1

2
𝑛1 𝑡1, 𝑡2 − 1 𝑡0

′𝑛1 𝑡1, 𝑡2 𝐼0 + t2 − t1 − 𝑛1 𝑡1, 𝑡2 𝑡0
′ 𝑛1 𝑡1, 𝑡2 𝐼0 . 

 
We wil later include workers 17-24 again. Please keep in mind that 𝜔 𝑡1, 𝑡2 = 𝜔 0, 𝑡2 − 𝑡1  (cf. 
Section II). This means 𝜔 𝑡1, 𝑡2  represents the amount of minerals mined during the time 𝑡2 − 𝑡1 at a 
new nexus which finished warping in at 𝑡 = 0. 
 
Impact of Worker Transfer into Gas on Mineral Mining 

Let Ω 𝑇0, 𝑡, 𝑡𝛼
′ , 𝑡𝛽

′  denote the total amount of minerals mined at a saturable nexus with chrono boost 

and gas mining by the first 16 workers. The loss of mineral mining workers due to gas saturation can 
be acounted for by recursively adjusting the lifetime of the nexus as follows (which is the reason why 
𝑛1 and 𝜔 have been generalized to arbitrary times 𝑡2 > 𝑡1). 
 
 

Ω 𝑇0, 𝑡, 𝑡𝛼
′ , 𝑡𝛽

′

=  

𝜔 𝑇0, 𝑡                                                                                                                                if      𝑇0 ≤ 𝑡 < 𝑡𝛼
′

𝜔 𝑇0, 𝑡𝛼
′ + 𝜔 0, Δt𝛼𝑡 + Δ𝑡1 − 𝜔 0,Δ𝑡1                                                              if      𝑡𝛼

′ ≤ 𝑡 < 𝑡𝛽
′

𝜔 𝑇0, 𝑡𝛼
′ + 𝜔 0, Δt𝛼𝛽 + Δ𝑡1 − 𝜔 0, Δ𝑡1 + [𝜔 0, Δt𝛽𝑡 + Δ𝑡2 −𝜔 0, Δ𝑡2 ]       if      𝑡𝛽

′ ≤ 𝑡

 

 
with  

Δ𝑡1 ≔ 𝑛1 𝑇0, 𝑡𝛼
′ − 𝑛𝐺 𝑡𝛼

′ 𝑡0 +mod 𝑡𝛼
′ , 𝑡0  

Δ𝑡2 ≔ 𝑛1 𝑇0, 𝑡𝛽
′ − 𝑛𝐺 𝑡𝛽

′ 𝑡0 +mod(𝑡𝛽
′ , 𝑡0) 

Δ𝑡𝛼𝑡 ≔ 𝑡 − 𝑡𝛼
′  

Δ𝑡𝛽𝑡 ≔ 𝑡 − 𝑡𝛽
′  

Δ𝑡𝛼𝛽 ≔ 𝑡𝛽
′ − 𝑡𝛼

′  . 

 
The equations above are illustratedd in Chart 3.  
 
Please note that the 𝜔-terms above have already been simplified, e.g.  𝜔 𝑡𝛼

′ − Δ𝑡1, 𝑡𝛼
′ + Δt𝛼𝑡 =

𝜔 0, Δt𝛼𝑡 + Δ𝑡1 . Δ𝑡1,2 represents the time it would have taken a ‘virtual‘ nexus to create the same 

amount of workers as the actual nexus has at time 𝑡𝛼,𝛽
′  (i.e. after the first/second assimilator has been 

saturated) if no workers would have been taken away from mineral 
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mining. 𝑛1 𝑇0, 𝑡𝛼
′ − 𝑛𝐺 𝑡𝛼

′ = 𝑛1 𝑇0, 𝑡𝛼
′ − 3  represents the number 

of workers which remain in mineral mining after saturation of the first 
assimilator at 𝑡𝛼

′ . 
 
Investment Term 
The total amount of minerals invested into a saturable nexus with gas 
mining and chrono boost can be adjusted from the expression for 𝐶(𝑡)  in 
Section III as discussed above. 
 
𝐶𝐺 𝑡 = −𝑐1 − 𝑛1

′ 𝑡 + 𝑛2
′ 𝑡 + 𝑛𝐺 𝑡 𝑐0  − 𝑐0𝜁 𝑡

− max 𝑛1
′ 𝑡 + 𝑛2

′ 𝑡 + 𝑛𝐺 𝑡 + 𝜁 𝑡 − 10 , 0 𝑐0
′

− 𝑐2 max sign 𝑡 − 𝑡𝛼 , 0

+ max sign 𝑡 − 𝑡𝛽 , 0  , 

 
with 𝜁(𝑡) ≔ min {30 − 𝑛1

′ 𝑡 − 𝑛2
′ 𝑡 − 𝑛𝐺(𝑡), 1} . 

 
Results 

Finally, we find that the total mineral balance 𝑀𝑐,𝐺
′ 𝑇0, 𝑡, 𝑡𝛼

′ , 𝑡𝛽
′  of a 

saturable nexus with chrono boost and gas mining can be expressed as 
 

𝑀𝑐,𝐺
′ 𝑇0, 𝑡, 𝑡𝛼

′ , 𝑡𝛽
′ = Ω 𝑇0, 𝑡, 𝑡𝛼

′ , 𝑡𝛽
′ +

1

2
𝑛2

′ 𝑡 − 1 𝑡0
′𝑛2

′ (𝑡)𝐼′

+ Δ𝑡 − 16𝑡0 − 𝑛2
′ 𝑡 𝑡0

′ 𝑛2
′ 𝑡 I’ − 𝑐1

− 𝑛1
′ 𝑡 + 𝑛2

′ 𝑡 + 𝑛𝐺 𝑡 𝑐0  − 𝑐0𝜁(𝑡)  
− max 𝑛1

′ 𝑡 + 𝑛2
′ 𝑡 + 𝑛𝐺 𝑡 + 𝜁 𝑡 − 10 , 0 𝑐0′

− 𝑐2 max sign 𝑡 − 𝑡𝛼 , 0 + max sign 𝑡 − 𝑡𝛽 , 0  

 
Note that we are using the updated number of probes 𝑛2

′  for the workers 
with reduced income above but in the expression for Ω we use the 
support function 𝑛1 𝑡1, 𝑡2 . 
 
The total gas balance can be expressed as  
 

𝐺 𝑡, 𝑡𝛼
′ , 𝑡𝛽

′ =  3𝐼𝐺 max 𝑡 − 𝑡𝛼
′ , 0 + 3𝐼𝐺 max 𝑡 − 𝑡𝛽

′ , 0  . 

 

Altogether, we can represent the total resource balance 𝑅𝑐,𝐺 𝑇0, 𝑡, 𝑡𝛼
′ , 𝑡𝛽

′  

of the nexus by the complex function 
 

𝑅𝑐,𝐺 𝑇0, 𝑡, 𝑡𝛼
′ , 𝑡𝛽

′ = 𝑀𝑐,𝐺
′ 𝑇0, 𝑡, 𝑡𝛼

′ , 𝑡𝛽
′  +  𝑖 𝐺 𝑡, 𝑡𝛼

′ , 𝑡𝛽
′  . 

 
 
Worker Harassment 
The quantitative framework used to incorporate gas mining can also be 
applied to simulate the loss of mineral mining workers due to 
harassment. Let us assume that six workers were killed at time 𝜏. We then 
only need to adapt the term for worker supply (destroyed units do not 
use up supply), the cost of the assimilators and the term for zeta. In total, 
the mineral balance can then be expressed as: 
 

Mharass 𝑇0, 𝑡, 𝜏 = Ω 𝑇0, 𝑡, 𝜏, 𝜏 +
1

2
𝑛2

′ 𝑡 − 1 𝑡0
′𝑛2

′ (𝑡)𝐼′

+ Δ𝑡 − 16𝑡0 − 𝑛2
′ 𝑡 𝑡0

′ 𝑛2
′ 𝑡 I’ − 𝑐1

− 𝑛1
′ 𝑡 + 𝑛2

′ 𝑡 + 𝑛𝐺 𝑡 𝑐0  − 𝑐0𝜁(𝑡)  
− max 𝑛1

′ 𝑡 + 𝑛2
′ 𝑡 + 𝜁 𝑡 − 10 , 0 𝑐0′ 

with 
 

𝜁 𝑡 ≔ min 24 − 𝑛1
′ 𝑡 − 𝑛2

′ 𝑡 , 1 . 
 
Different worker kill counts (than six) as well as gas mining are straight-
foward to incorporate following the already presented quantitative 
framework of the previous two sections. 
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Chart 3 – Impact of Gas Saturation on Mineral Mining 
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Parameters and Functions 

𝑀1(𝑇0, 𝑡) 
total amount of minerals mined at a new nexus at time 𝑡 
(neglecting saturation effects, chrono boost and gas mining).  

𝑀2(𝑇0, 𝑡) 
total mineral cost for establishing a new nexus (neglecting 
saturation effects, chrono boost and gas mining).  

𝑡 in-game time in seconds 
𝑡0 probe build time 
𝑡0
′  probe build time (chrono boosted) 

𝑇0 point in time when the new nexus has finished warping in 
𝜏 harassment time 
𝐼0  average mineral income per probe and second 
𝐼𝐺  average gas income per probe and second 
𝐼′ reduced mineral income 
𝑐0 probe cost 
𝑐0
′  supply cost of a probe 

𝑐1 cost of nexus including worker travel time 
𝑐2  assimilator cost 

𝑀(𝑇0, 𝑡) 

total mineral balance of a nexus, i.e. total amount of minerals 
mined at the nexus minus sum of all investments in order to 
establish nexus in its current state; 
𝑀 𝑇0, 𝑡 ≔ 𝑀1 𝑇0, 𝑡 − 𝑀2(𝑇0, 𝑡) 

𝐼(𝑇0, 𝑡) 
mineral income of a nexus at time 𝑡, i.e. amount of minerals 
mined minus minerals spent on nexus per second 

𝑛(𝑡) 
number of mineral mining workers at time 𝑡 (neglecting 
saturation effects, chrono boost and gas mining).  

𝑛1(𝑡) 
number of mineral mining workers with “full“ income at time 
𝑡 (no saturation effects, workers 1-16) 

𝑛2(𝑡) 
number of mineral mining workers with “reduced“ income at 
time 𝑡 (workers 17-24) 

𝑁(𝑡) 
total number of mineral mining workers at time 𝑡;  
𝑁 𝑡 = 𝑛1 𝑡 + 𝑛2(𝑡)  

𝑀𝑛1
(𝑇0, 𝑡) 

total amount minerals mined of first 16 workers with full 
mineral income 

𝑀𝑛2(𝑇0, 𝑡) 
total amount minerals mined of workers 17-24 with reduced 
mineral income 

𝑀′(𝑇0, 𝑡)  
total mineral balance of saturable nexus without chrono 
boost; 
𝑀′ 𝑇0, 𝑡 = 𝑀𝑛1(𝑡) + 𝑀𝑛2(𝑡) 

𝑀𝑐
′ 𝑇0, 𝑡  total mineral balance of a saturable nexus with chrono boost 

Mharass 𝑇0, 𝑡, 𝜏  Total mineral balance of harassed nexus (saturable, with cb) 
𝑡𝛼 point in time when first assimilator starts warping in 
𝑡𝛽 point in time when second assimilator starts warping in 

𝑡𝛼
′  point in time when first assimilator finishes warping in 

𝑡𝛽
′  point in time when second assimilator finishes warping in 

𝐺(𝑡) total amount of gas mined at time 𝑡 
𝐼𝐺(𝑡) gas income, i.e. amount of gas mined per second 

𝑀1,𝑐
′ (t) 

total amount of minerals mined at a saturable nexus with 
chrono boost (not including investments into the nexus) 

𝑛𝐺(𝑡) total number of gas mining workers at time 𝑡 

𝑛1
′ (𝑡) 

number of mineral mining workers with “full“ income at time 
𝑡 at a nexus with gas mining 

𝑛2
′ 𝑡  

number of mineral mining workers with “reduced“ income at 
time 𝑡 at a nexus with gas mining 

𝜁 𝑡   paratemer, 1 as long as a probe in production, 0 otherwise 

C(t) 
sum of all investments made into a saturable nexus without 
chrono-boost 

𝐶𝐺(𝑡) 
 

sum of all investments made into a saturable nexus with 
chrono-boost and gas-mining 

𝑀𝑐,𝐺
′ (𝑇0, 𝑡, 𝑡𝛼

′ , 𝑡𝛽
′ ) 

total mineral balance of a saturable nexus with chrono boost 
and gas-mining 

𝑁‘(𝑡) 
total number of probes at a saturable nexus with gas mining; 
𝑁‘ 𝑡 = 𝑛1

′ 𝑡 + 𝑛2
′ 𝑡 + 𝑛𝐺 𝑡  

𝑛1 𝑡1, 𝑡2  generalization of 𝑛1(𝑡) 

Δ𝑡1 

time it would have taken a nexus to get to the same amount 
of workers as the nexus we are considereing at time 𝑡𝛼

′  (i.e. 
after the first assimilator has been saturated) if no workers 
would have been taken away from mineral mining 

Δ𝑡2, Δ𝑡𝛼𝑡, Δ𝑡𝛽𝑡, 

Δ𝑡𝛼𝛽 
time intervals 

𝜔 𝑡1, 𝑡2 , 

Ω 𝑇0, 𝑡, 𝑡𝛼
′ , 𝑡𝛽

′  
support functions 

FPI First Positive Income (not equal to time of break even) 
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Part II – Results and Discussion 
Nexus Income Dynamics 

 
 
A - Introduction 
Part II will present conclusions based on the mathematical framework derived in Part I. Prior reading 
of Part I is recommended, but not necessarily required to understand the findings and their 
implications for gameplay that are discussed in the following. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
B –Break-Even Timings of Expansions 
The mathematical framework developed in Section II – Unsaturable Nexus without Chrono Boost 
made the basic assumptions that (a) the nexus is strictly mineral mining and (b) not using its energy to 
speed up probe production. We also (c) neglected saturation effects so that the derived equations are 
only correct as long as probe count stays below 17. However, this first simple model already allows us 
establish a fundamental understanding of nexus income.  
 
Figure 2 shows plots of the expressions describing mineral income derived in Section II. The 
corresponding worker count and its increase over time have been shown in Fig. 1.  

Discussion of Figure 2 
• The ‘total mineral balance‘ describes the sum of the total amount of minerals mined and the total 

amount of minerals invested into the nexus (the latter being a negative number). 
• Nexus warp-in was started at time 0. Therefore, the total amount of minerals invested into the 

nexus stays at -420 minerals (nexus cost and lost mining time of worker) during the first 100 sec 
(nexus warps in time). 

• After the nexus has eventually finished warping in at 𝑇0 = 1: 40 min, the player starts the 
construction of a new probe every 17 sec, thus inflicting 50 minerals probe cost (and 12.5 
minerals supply cost for probes 11+). This causes a step-like structure in the total amount of 
minerals invested (and therefore also in the total mineral balance). The steps get steeper after a 
worker count of 10 has been established because all consecutive probes also inflict a supply cost. 

• The total amount of minerals mined grows quadratic in time (for the first 16 workers) whereas 
the ongoing investments into the nexus grow only linear. This eventually leads to the break even. 
 

Findings 
• Break-even: A non-chrono boosted nexus with constant probe production breaks even 6:06 min 

after its warp-in has been initiated. At that point it will have inflicted and returned a total 
investment of 1295 minerals. 

• A common misunderstanding is to think that a probe advantage directly translates into an 
advantageous economy. This is only the case after an expansion has broken even. 

• First positive income (FPI): Even after the nexus has finished warping in, the nexus will keep 
“losing“ minerals for another 85 sec, until the worker count is high enough to cover on-going 
investments into probe production. At this point, five probes have been produced at the nexus 
and 3:05 min have passed since the nexus warp-in was initiated. Even though the nexus 
establishes positive income at 3:05 min after warp-in has been initiated, it has not broken even 
with all previous investments, yet. At the point of FPI, the expansion will have accumulated a 
total “loss“ of 607 minerals. 

• Every game starts at the point of FPI of the main base (worker count of six) to enable players to 
have a continuously growing economy even with constant worker production.  

• According to Section III – Mineral Income, a chrono boosted nexus starts contributing 
economically 2 seconds earlier than a non chrono boosted one, namely 1:23 min after warp-in 
has finished (or when 6 probes have been chrono boosted out).  
 

Implications for Gameplay 
Whenever one player takes an expansion before their opponent, the macro focused player will be 
vulnerable for a few minutes, namely the time until the new base starts contributing economically.  
Let us assume Player 1 startes an expansion at time 𝑇0 and his opponent Player 2 scouts it. Player 2 
now has several options which will be briefly discussed in the following. 
 
Scenario A – Timing Attack 
• Player 2 decides to skip his own expansion and instead focus on increasing army size with the 

resources his opponent invested (and keeps investing) into his new base. In this case Player 2‘s 
timing attack should optimally hit at (or slightly after) Player 1‘s FPI, i.e. at 𝑇0 + 3:05 min. This is 
the point in time when the macro oriented player has committed most resources into establishing 
his expansion but not received any return on his investment, yet. 

• When the timing hits, the difference in army size will likely not exceed 620 minerals. Not all of it 
will translate directly into units as Player 2 might need to invest some of it into infrastructure 
(depending on race).  

• The timing window is stronger the earlier in the game Player 1 took his expansion because the 
potential difference in army size of 620 minerals is absolute. It can be significant increasing a 3:30 
min army but it barely changes an 11:00 min army. 

• If the defending player techs while taking his expansion, his vulnerability will increase even 
further. 

• This type of timing attack is very strong in mirror match-ups. 
 

Scenario B – Expanding 
• A relatively safe scenario for Player 2 is to expand himself. To catch up with Player 1‘s macro, 

Player 2 might want to fake a timing attack to potentially trick his opponent into pausing probe 
production, cancelling investments into tech or infrastructure and/or wasting (nexus) energy. 

 
Scenario C – Combination of Timing Attack and Delayed Expansion 
• Player 2 might decide to go for a timing attack  with a delayed expansion of his own. An ideal time 

to attack Player 1 will be 𝑇0 + 3:05 min (c.f. Scenario A). When moving out (around 𝑇0 + 2:30 min, 
depending on map size), Player 2 will stop unit production and use the resulting mineral build up 
to start an expansion of his own. Therefore, Player 2‘s timing will not be supported by 
reinforcements as much but it will still utilize the maximum difference in army supply as 
discussed above. 

• If Player 2 would take his expansion before moving out his potential advantage in army size will 
likely decrease from 620 minerals to 200 minerals which would not be viable anymore for a 
timing attack given Player 1‘s defender‘s advantage. 

• Scenario C requires both - a profound understanding of Player 1‘s tech tree as well as excellent 
execution to be successful. The timing attack must hit precisely to afford expanding behind it. 

 

Scenario D – Harassment of Worker Line to Delay Break Even (Fig. 3) 
• Another option for Player 2 is to harass the mineral line of Player 1‘s new base to delay its break 

even. 
• In case the harassment is succesful, Player 2 achieved two things: (1) He prolonged the window 

for a potential timing attack, which he may still decide to go for. (2) He damaged the economical 
development of his opponent allowing him to expand himself and catch up or even over-take 
economically. 

• In case the harassment is not succesful, Player 2 can still decide to expand himself and try to fake 
aggression to trick his opponent into delaying the development of his tech and/or economy to 
enable Player 2 to catch up with him. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion of Figure 3 
• Fig. 3 shows three different scenarios illustrating the impact of worker harassment on the break 

even of a new base. The first scenario (1) shows the mineral balance of an un-harassed 
expansion. The second (2) and third scenario (3) show the impact of losing six workers at 3:00 min 
and 4:00 min after the nexus warp-in was initiated, respectively. Please note that all three 
scenarios assume the use of chrono-boost to speed up probe production (cf. Section E). 

• The loss of six mineral mining workers significantly delays the break even of a new nexus from 
5:56 min (un-harassed) to 7:02 min (6 probes killed at 4:00 min) and 7:24 min (6 probes killed at 
3:00 min), respectively. 

• The timing window for worker harassment is wide: Even though the attack in scenario 2 happens 
60 sec before the one in scenario 3, the resulting delays of the break even are very similar (within 
22 sec from another). 

 
Defending Player 
• Player 2 needs to pay attention not to invest into tech too heavily for the first 3:05 min after 

initiating the warp-in of his nexus. Any investment that does not directly translate into an 
increase in effective army value will increases his vulnerability against a timing attack. 

• After 3:05 min the expansion will finally start contributing. This renders a good point in time to 
start investing into infrastructure (e.g. gateways) or upgrades again. 

• If Player 2‘s mineral line gets harassed his vulnerability against a timing is prolonged by about 
0:30 min - 1:30 min depending on the success of the aggression. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Example: 1-Gate -Expand Build Order Analysis 
Let us have a closer look at a standard Protoss build: the 1-Gate-Expand14. It is a common 
opening in PvT and sometimes used in PvZ. The 1-Gate-Expand build is very macro-focussed, as 
the player will be taking their natural already around 4:20 min. Following our previous analysis 
the expansion will be most vulnerable to a timing attack at 7:25 min and it will break even 10:26 
min into the game. However, harassment of the mineral line or taking gas early can delay the 
break-even. We assume the use of chrono boost to speed up probe production (cf. Section E). 
 

time 4:20 
nexus  

warp-in  
initiated 

1 min 2 min 3 min 4 min 6 min 8 min 10 min 5 min 7 min 9 min 11 min 

6:00 
nexus  

finished 

7:23 
most 

vulnerable 

10:16 
nexus 
breaks 
even 

vulnerability against timing attack 

0 
game  
starts 
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T e s t  Y o u r  G a m e  S e n s e !  
 

If you want to test your game sense, you 
can write down answers to the following 
short questions before reading on. The 
correct answers will be given in the next 
sections. 
 

1 You are playing a PvP and intent to go 

for an early natural. You just started the 
warp-in of your nexus and are wondering 
how long you will be vulnerable to one-
base timing attacks if your opponent 
chooses not to expand. 

Q1.1: How many probes do you need to 
produce at your natural to have it start 
contributing economically? 
Q1.2: How long does it take for your 
natural to return on all investments? 

Your opponent exploited your early 
natural by harassing its mineral line. 
Unfortunately you lost six workers 2:40 
min after the nexus was completed. 

Q1.3: How long does this delay the break 
even of your natural? 

 

2 You just partially saturated your main 

and natural with 16 probes each and you 
intent to take a third soon. You decide to 
keep producing probes at both bases so 
you can saturate your third faster. 
 Q2: How long does it take for these 

probes to return on their investment? 
 

3 You think about spending all your 

chrono boost on probe production to 
accelerate the growth of your economy. 

Q3.1: How much faster does a chrono 
boosted nexus break even than a non-
chrono boosted one? 
Q3.2: How many more probes will it 
have produced by then? 

 

4 You are playing another PvP and you just 

scouted that the natural expansion of your 
opponent has already been warping in for 
about 40 seconds. You feel safe for the 
next few minutes and are thinking about 
boldly going for a gold base to catch up. 

Q4: If you go for the gold will it break 
even before or after your opponent‘s 
natural? 



C – Saturation Effects 
We incorporated two types of saturation effects into our quantitative framework in Section III: (1) 
Reduced income when three instead of one or two probes are mining from the same mineral patch 
and (2) oversaturation, i.e. no additional income when more than three probes are mining from one 
mineral patch. 
 
• Saturation effects plays an important role for the dynamics of mineral income. They ensure that 

the total amount of minerals mined transitions from growing quadratic in time to growing linear 
in time. That means mineral income transitions from growing proportional to time to being time-
independent (or constant). 

• Saturation effects also play an important role for the break even times of individual probes. The 
first 10 probes are cheap (supply covered by nexus) and mine effectively (no partial saturation). 
Probes 11-16 are more expensive, but still mine effectively and probes 17-24 are more expensive 
and mine with a reduced rate. Finally, all probes > 24 do not contribute to economy at all. Cf. 
Section III for further information. 

• The following table shows the time (= construction time + necessary mining time) it takes for 
individual probes to break even on their investment(s). 
 
 
 
 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
Further information on saturation effects will be provided in Section E. 
 

D - Chrono Boost 
Chrono boost will speed up any time-dependent effects on buildings, such as re-charging shield 
energy, health on Zerg structures or progress on tech upgrades by a factor of 1.58. It can even be used 
to increase the speed of flying Terran buildings7.  
A nexus under maximal use of its own chrono boost on probe production will effectively decrease 
probe production time from 17 sec to 13.82 sec (mean field approach10). 
 
Figure 4 shows how fast a new nexus can saturate itself with workers  
• A nexus with constant probe production saturates with 16 probes within 4:30 min (not chrono 

boosted) or 3:40  min (chrono boosted) after its warp-in has finished.  
• It can fully saturate with 24 probes within 6:50 min (not chrono boosted) or 5:30 min (chrono 

boosted). 

E - Impact of Chrono Boost on Break Even 
Figure 5 shows the break-even of a saturable nexus with and without chrono boost. Only the nexus‘ 
own energy is used to chrono boost probe production. In contrast to Fig. 2, we also take all saturation 
effects into account now. Furthermore, probe production will stop at 24 probes (which eventually 
terminates the step-like shape in the total mineral balance).  
 
• The amount of minerals mined grows quadratic with a high slope first until worker count reaches 

16. It then still grows quadratic but with a much lower slope. Finally, after 24 workers have been 
created the amount of minerals mined continues to grow linear in time, i.e. mineral income 
remains constant from this point on. 

• Break-even: A maximally chrono boosted nexus will break even a few seconds earlier than a non-
chrono boosted one, namely at 5:56 min after its warp-in was initiated (versus 6:06 min without 
chrono boost). At that point in time it will have inflicted and returned a total investment of 1483 
minerals (versus 1295 minerals without chrono boost). 

• At the point of break-even all mineral patches have already been fully saturated with probes 
(versus a total of 20 probes without chrono boost). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Impact of Chrono Boost on Vulnerability to One-Base Timing Attacks 
It is important to note that maximal use of chrono boost will not only lead to an earlier break-even of 
the expansion but also slightly increase vulnerability to a timing attack. Fig. 6 shows a zoom-in of Fig. 
5 focused on the minima of the total mineral balance (FPI).  
 
The expanding player is highly vulnerable at this point to one-base timing attacks because some of his 
resources are bound in the recently established expansion. This can translate into a smaller army size 
if his opponent chooses not to expand but rather invest all available resources into unit production. 

Discussion of Fig. 6 
• Chrono boosting probe production increases economic growth. However, It also increases the 

amount of minerals that need to be invested into probe production per minute. Therefore, a 
chrono boosted nexus features a slightly deeper minimum in total minerals balance than a non-
chrono boosted one namely -632 minerals (versus 606 minerals without chrono boost; ~5% 
relative difference).  

• The nexus reaches the point of minimal mineral balance 83 sec after nexus warp-in finished or 
when 13 probes have been chrono boosted out (versus  85 sec and 10 probes). 
 

 
F – Break-Even of Gold Expansions 
We incorporated gold expansions into our quantitative framework in Section V. On one side, probes  
mining on gold bases return 40% more minerals, but on the other side there are only six (instead of 
eight) mineral patches to mine from.  
 
Using the expressions from Section V and Section IV we can model the total amount of minerals 
mined at a normal and a gold expansion to compare their economic development (cf. Fig. 7). Please 
keep in mind that we treat both expansions equally: Both start with zero workers and both use their 
entire chrono boost to speed up probe production. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Although gold expansions provide less mineral patches, they out-perform regular expansions in every 
regard. 
 
• A new nexus at a gold expansion breaks even at 5:00 min after the warp-in has been initiated, 

whereas the same nexus at a normal expansion would break even 5:56 min after warp-in was 
started.  

• At the point of break-even 1233 minerals have been invested into (and returned from) the gold 
expansion (vs. 1483 minerals at the point of break-even of a regular expansion). 

• The gold expansion reaches the point of deepest investment already 56 sec after warp-in 
finished. At this point 590 minerals have been invested into the nexus. This means a gold base is 
slightly less vulnerable to a timing attack than a normal base. The interval for the timing to hit 
optimally is shorter (56 sec vs. 83 sec) and the investment into the nexus is smaller (590 minerals 
vs. 632 minerals). 

• At the time a normal expansion would break even, a gold expansion has already made a profit of 
570 minerals. 

 
 
G – Harvesting Vespene Gas 
Vespene gas mining should not be regarded as simply mining another resource. It‘s mechanics and 
implications for gameplay are fundamentally different from mining minerals: 
• Mineral income can be used to further economic growth whereas vespene gas can “only“ be used 

to increase army value or improve technological development. 
• In almost all gameplay scenarios gas income is constant whereas mineral income increases 

(linearly) over time (for a long time, cf. Section I-VI). The reason for this difference is that gas 
income almost always reaches saturation right away (with a relatively low number of workers). 

• Constant production of gas-consuming units (and/or infrastructure) can only be increased by 
securing additional expansions, whereas mineral consuming production will increase over time as 
long as existing bases are not entirely saturated, yet. 
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Time it takes for probes 1-10 to break even:  1:32 min  | 1:29 min 
Time it takes for probes 11-16 to break even:  1:51 min  | 1:48 min 
Time it takes for probes 17-24 to break even:  3:07 min  | 3:04 min 

not chrono-
boosted 

entirely 
chrono-
boosted 

00:00

01:12

02:24

03:36

Break-Even Times of Individual Probes 

Probes 1-10

Probes 11-16

Probes 17-24



Section VI quantitatively describes the impact of taking gas on mineral income of a new expansion 
under the assumption that the first and second assimilator will be saturated within the time it takes 
to create the first 16 workers. 
 
Workers that have been transferred into harvesting gas no longer contribute to mineral income and 
thus delay the (mineral) break-even of a new expansion. This effect is illustrated in Figure 8.1 and 
Figure 8.2 for two different gas-mining scenarios , respectively: 
 
• Scenario 1 – “Early Gas“: Both assimilators are saturated as quickly as possible, namely the first 

assimilator when three probes have been produced and the second assimilator when a total of six 
probes have been created at the new expansion. 

• Scenario 2 – “Late Gas“: Both assimilators are saturated simultaneously when a total of 16 
workers have been created at the new nexus. 

 
The two scenarios above describe two extreme timings for taking gas. Common Protoss builds 
typically lie in between.  
 
Fig. 8.1 shows results for a nexus without chrono boosted probe production, whereas Fig. 8.2 shows 
the same graphs for a nexus under maximal use of chrono boost.  
Green graphs represent vespene gas balance (equaling the total amount of gas mined), whereas blue 
graphs represent total mineral balance as before. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion 
• When an assimilator is warped in, this inflicts an immediate cost of 75 minerals which causes a 

steep drop in the mineral balance graphs.  
• The assimilator needs 30 sec to finish warping in and we assumed that it will be saturated with 

three probes right away. Therefore, gas income increases 30 sec after the initial steep drop in the 
mineral balance. 
 
 

 
Results 
• ‘Losing‘ six mineral mining workers early (because they are transferred into gas) decreases the 

minimum of the mineral balance graph significantly and thus the maximal investment into the 
nexus; namely from about -630 minerals to -930 minerals. 
 
Fig. 8.1: 

• A1] Early gas scenario (no chrono boost): The (mineral) break-even of the nexus occurs at 8:21 
min, i.e. with a delay of 2:15 min compared to the case where no gas had been taken at all. At the 
break-even, a total of 1314 gas has been mined at the nexus. 

• B1] Late gas scenario (no chrono boost): In case two assimilators are saturated at 16 workers, the 
nexus breaks even at 6:48 min but only 146 gas will have been harvested by then. The nexus 
breaks even with a slight decay of 42 sec (compared to the case where no gas had been taken at 
all). 
 
Fig. 8.2: 

• A2] Early gas scenario (chrono boosted probe production): Mineral break-even of the nexus 
occurs at 7:57 min, i.e. with a delay of 1:51 min if no gas had been taken. At the break-even, a 
total of 1290 gas has been mined at the nexus. 

• B2] Late gas scenario (chrono boosted probe production): In case two assimilators are saturated 
at 16 workers, the nexus breaks even at 6:51 min and 360 gas will have been harvested by then. 

 
 

H - Worker Transfer 
Worker transfer between nexi has been neglected so far for a number of reasons: 

(1) The amount of over-produced workers at previously established bases depends on expansion 
timings and thus on the individual game and matchup at hand.  
(2) Furthermore, (and most importantly) the goal of this analysis is to quantitate a new expansion‘s 
impact on economy by treating it independently from previously established bases.  
(3) And last but not least worker transfer is not always an efficient mechanism for economic 
growth (see example below). 

 
Example: Let us take a brief, more quantitative look at worker transfer to demonstrate that it can be 
inefficient at times.  
As shown above, partially saturated (or even over-saturated) workers will not contribute to economy 
for a long time: It takes 3:07 min for these workers to break even (cf. Section C) which is almost twice 
the warp-in time of a nexus. 
Typically 4-8 workers will be transferred between bases, depending on expansion timings. The time it 
takes to create 8 workers namely 2:16 min (without chrono boost) is not sufficient for any of those 
workers to break even on the original base. Therefore transferred workers will arrive with an average 
mineral balance deficit of 37.5 minerals per probe at the new base. It takes 1:43 min of average 
mining time at the new base for them to finally break even in terms of overall economy and thus to 
start contributing economically.  
(Furthermore, travel time between bases will inflict an additional opportunity cost of about 11 
minerals per worker13 which has not yet been considered. If one takes travel time into account as well 
the mineral deficit of the 8 transferred workers increases to an average of about 49 minerals per 
probe. This almost equals the cost of a probe.) 
 
Worker transfer helps saturate the third quicker and pays off eventually, but it comes with a high 
opportunity cost. Worker transfer can be regarded a luxury which players can afford when they know 
they will not be under high pressure for the next few minutes.  
Depending on the in-game situation worker transfer can be an investment into the far future 
(minutes away) rather than the immediate future. The opportunity cost of worker transfer can 
increase the vulnerability of the player against two-base all-ins or two-base timing attacks. 
 
Strategies for Taking a Third Base 
The example above demonstrates that even though creating access workers at partially saturated 
bases to later transfer them to other bases might seem a good idea, it can easily be an inefficient 
investment into future economy with a high opportunity cost. 
An alternative strategy is to stop worker production entirely after two bases have been partially 
saturated with 16 workers each and re-start probe production when the third nexus finishes. That 
way resources can be used to increase army value or to tech and the third base can later on still be 
saturated quickly with triple probe production rallying from all nexi.  
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Part III – Appendix 
 

References  and  Footnotes 
 
[1] The term “optimal” does not  cover distance of mineral patches from the nexus. In fact, it is 
better to partially saturate the closest patches with two workers first before putting one probe 
on each mineral patch. 
[2] Floor and ceiling functions http://en.wikipedia.org/wiki/Floor_and_ceiling_functions 

[3] Simplification using Gauss:   𝑖 ∙ 𝐼0𝑡0 =
1

2
𝑛 𝑡 𝑛 𝑡 − 1 𝐼0𝑡0

𝑛 𝑡 −1
𝑖=1 ) 

[4] w.l.o.g.  - “without loss of generality“, 
http://en.wikipedia.org/wiki/Without_loss_of_generality 
[5,6] TeamLiquid “Mining Minerals” 
http://www.teamliquid.net/forum/viewmessage.php?topic_id=140055 
[7] Liquipedia - chrono boost http://wiki.teamliquid.net/starcraft2/Chrono_Boost 
[8] Liquipedia - chrono boost math http://wiki.teamliquid.net/starcraft2/Chrono_Boost_Math 
[9] Liquipedia - energy http://wiki.teamliquid.net/starcraft2/Energy 
[10] Wikipedia - mean field approach http://en.wikipedia.org/wiki/Mean_field_theory 
[11] Liquipedia - assimilator http://wiki.teamliquid.net/starcraft2/Assimilator 
[12] Liquipedia - resources 
http://wiki.teamliquid.net/starcraft2/Resources#Supply 
[13] Starcademy - Report 01 
[14] 1-Gate-Expand build: 9 Pylon, 13 Gateway, 15 Assimilator, 16 Pylon, 17 Cybernetics Core, 
18 Zealot, 22 Stalker, Mothership Core, 4:20 Nexus, research Warpgate, Assimilator; 
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