
Python Code

1 """
2 Unified Observer-Inference Analysis (Final)
3 ============================================
4 One observer. One predictive model. Three questions about its performance.
5  
6 M: Does history help me predict beyond the present alone?
7    → Positive = "this system remembers"
8    
9 L: Is my prediction improving over time?  

10    → Positive = "this system is learning"
11    
12 D: Does my prediction suddenly fail?
13    → Positive = "this system made a decision"
14  
15 All three derived from the same rolling prediction machinery.
16 All four substrates in one run.
17 Multi-observer hierarchy test included.
18  
19 Author: D. Neale / Goleudy.ai
20 Date: March 2026
21 For: "Memory Without Storage" and "The Philosophy Loop" papers
22 """
23  
24 import numpy as np
25 from collections import Counter
26 import csv
27 import itertools
28 import sys
29  
30 # ============================================================
31 # ENGINES
32 # ============================================================
33  
34 def ca_step(state, rule):
35     n = len(state)
36     new = np.zeros(n, dtype=int)
37     bits = [(rule >> i) & 1 for i in range(8)]
38     for i in range(n):
39         nb = (state[(i-1)%n] << 2) | (state[i] << 1) | state[(i+1)%n]
40         new[i] = bits[nb]
41     return new
42  
43 def run_ca(rule, width=101, steps=300, seed=42):
44     rng = np.random.RandomState(seed)
45     state = rng.randint(0, 2, width)
46     grid = np.zeros((steps, width), dtype=int)
47     grid[0] = state
48     for t in range(1, steps):
49         grid[t] = ca_step(grid[t-1], rule)
50     return grid
51  
52 def gol_step(g):
53     r, c = g.shape
54     new = np.zeros_like(g)
55     for i in range(r):
56         for j in range(c):
57             n = sum(g[(i+di)%r,(j+dj)%c] for di in [-1,0,1] for dj in [-1,0,1]) - g[i,j]
58             new[i,j] = 1 if (g[i,j]==1 and n in (2,3)) or (g[i,j]==0 and n==3) else 0
59     return new
60  



61 def run_gol(pattern, gs=50, steps=400):
62     grid = np.zeros((gs,gs), dtype=int)
63     p = np.array(pattern, dtype=int)
64     pr, pc = p.shape
65     sr, sc = gs//2-pr//2, gs//2-pc//2
66     grid[sr:sr+pr, sc:sc+pc] = p
67     hist = np.zeros((steps,gs,gs), dtype=int)
68     hist[0] = grid
69     for t in range(1, steps):
70         hist[t] = gol_step(hist[t-1])
71     return hist
72  
73 def laplacian(f):
74     return np.roll(f,1,0)+np.roll(f,-1,0)+np.roll(f,1,1)+np.roll(f,-1,1)-4*f
75  
76 def run_gs(F, k, gs=64, steps=5000, sample=10, seed=42):
77     rng = np.random.RandomState(seed)
78     U = np.ones((gs,gs)); V = np.zeros((gs,gs))
79     sz = gs//10; r = gs//2
80     U[r-sz:r+sz,r-sz:r+sz] = 0.5+0.02*rng.randn(2*sz,2*sz)
81     V[r-sz:r+sz,r-sz:r+sz] = 0.25+0.02*rng.randn(2*sz,2*sz)
82     U = np.clip(U,0,1); V = np.clip(V,0,1)
83     n_s = steps//sample
84     Uh = np.zeros((n_s,gs,gs)); Vh = np.zeros((n_s,gs,gs))
85     idx = 0
86     for s in range(steps):
87         if s % sample == 0 and idx < n_s:
88             Uh[idx]=U; Vh[idx]=V; idx+=1
89         Lu=laplacian(U); Lv=laplacian(V); uvv=U*V*V
90         U = np.clip(U+0.16*Lu-uvv+F*(1-U),0,1)
91         V = np.clip(V+0.08*Lv+uvv-(F+k)*V,0,1)
92     return Uh[:idx], Vh[:idx]
93  
94 def bubble_sort_history(arr):
95     a = arr.copy(); n = len(a)
96     history = [a.copy()]
97     for i in range(n):
98         sw = False
99         for j in range(n-i-1):

100             if a[j]>a[j+1]: a[j],a[j+1]=a[j+1],a[j]; sw=True
101         history.append(a.copy())
102         if not sw: break
103     return history
104  
105 def self_sort_history(arr, max_passes=None):
106     a = arr.copy(); n = len(a)
107     if max_passes is None: max_passes = n*2
108     history = [a.copy()]
109     rng = np.random.RandomState(42)
110     for _ in range(max_passes):
111         indices = rng.permutation(n-1); sw = False
112         for j in indices:
113             if a[j]>a[j+1]: a[j],a[j+1]=a[j+1],a[j]; sw=True
114         history.append(a.copy())
115         if not sw: break
116     return history
117  
118 def self_sort_defects_history(arr, defects, max_passes=None):
119     a = arr.copy(); n = len(a)
120     if max_passes is None: max_passes = n*3
121     history = [a.copy()]
122     rng = np.random.RandomState(42); ds = set(defects)
123     for _ in range(max_passes):
124         indices = rng.permutation(n-1); sw = False



125         for j in indices:
126             if j in ds or (j+1) in ds: continue
127             if a[j]>a[j+1]: a[j],a[j+1]=a[j+1],a[j]; sw=True
128         history.append(a.copy())
129         if not sw: break
130     return history
131  
132 def selection_sort_history(arr):
133     a = arr.copy(); n = len(a)
134     history = [a.copy()]
135     for i in range(n):
136         mi = i
137         for j in range(i+1,n):
138             if a[j]<a[mi]: mi=j
139         a[i],a[mi]=a[mi],a[i]
140         history.append(a.copy())
141     return history
142  
143 # ============================================================
144 # EMISSIONS
145 # ============================================================
146  
147 def emit_ca(grid):
148     T, W = grid.shape
149     E = np.zeros((T, 4))
150     for t in range(T):
151         row = grid[t]
152         E[t,0] = np.mean(row)
153         blocks = [(row[i]<<2)|(row[i+1]<<1)|row[i+2] for i in range(W-2)]
154         counts = Counter(blocks); total = len(blocks)
155         E[t,1] = -sum((c/total)*np.log2(c/total) for c in counts.values() if c>0)
156         E[t,2] = np.sum(np.abs(np.diff(row)))/(W-1)
157         E[t,3] = np.mean(grid[t]!=grid[t-1]) if t>0 else 0
158     return E
159  
160 def emit_gol(hist):
161     T, R, C = hist.shape
162     E = np.zeros((T, 4))
163     for t in range(T):
164         g = hist[t]
165         E[t,0] = np.mean(g)
166         blocks = []
167         for r in range(R-1):
168             for c in range(C-1):
169                 blocks.append((g[r,c]<<3)|(g[r,c+1]<<2)|(g[r+1,c]<<1)|g[r+1,c+1])
170         counts = Counter(blocks); tb = len(blocks)
171         E[t,1] = -sum((c/tb)*np.log2(c/tb) for c in counts.values() if c>0)
172         live = np.sum(g)
173         if live > 0:
174             bd = 0
175             for r in range(R):
176                 for c in range(C):
177                     if g[r,c]==1:
178                         for dr in [-1,0,1]:
179                             for dc in [-1,0,1]:
180                                 if dr==0 and dc==0: continue
181                                 if g[(r+dr)%R,(c+dc)%C]==0: bd+=1; break
182                             else: continue
183                             break
184             E[t,2] = bd/(R*C)
185         E[t,3] = np.mean(hist[t]!=hist[t-1]) if t>0 else 0
186     return E
187  
188 def emit_gs(Uh, Vh):



189     T = len(Uh)
190     E = np.zeros((T, 6))
191     for t in range(T):
192         U, V = Uh[t], Vh[t]
193         E[t,0] = np.mean(U)
194         E[t,1] = np.mean(V)
195         E[t,2] = np.var(V)
196         dVx = V[1:,:]-V[:-1,:]; dVy = V[:,1:]-V[:,:-1]
197         E[t,3] = np.mean(dVx**2)+np.mean(dVy**2)
198         E[t,4] = np.mean(np.abs(Vh[t]-Vh[t-1])) if t>0 else 0
199         Vd = np.clip((V*8).astype(int),0,7)
200         counts = np.bincount(Vd.flatten(), minlength=8)
201         probs = counts/counts.sum()
202         E[t,5] = -sum(p*np.log2(p) for p in probs if p>0)
203     return E
204  
205 def emit_sort(history):
206     T = len(history); n = len(history[0])
207     E = np.zeros((T, 5))
208     sorted_arr = np.sort(history[0])
209     for t in range(T):
210         a = history[t]
211         E[t,0] = sum(1 for i in range(n-1) if a[i]<=a[i+1])/(n-1)
212         sp = {v:i for i,v in enumerate(sorted_arr)}
213         E[t,1] = np.mean([abs(i-sp.get(a[i],i)) for i in range(n)])/n
214         inv = sum(1 for i in range(n) for j in range(i+1,n) if a[i]>a[j])
215         E[t,2] = inv/(n*(n-1)/2) if n>1 else 0
216         E[t,3] = np.mean(history[t]!=history[t-1]) if t>0 else 0
217         bs = max(1,n//10)
218         bm = [np.mean(a[i:i+bs]) for i in range(0,n,bs)]
219         if len(bm)>1:
220             bm = np.array(bm); bm_n = bm/(bm.sum()+1e-10)
221             E[t,4] = -sum(p*np.log2(p) for p in bm_n if p>0)
222     return E
223  
224 # ============================================================
225 # UNIFIED PREDICTION-BASED OBSERVER
226 # ============================================================
227  
228 def observer_predict(E, window=10):
229     """
230     The observer's predictive model.
231     
232     Two strategies computed simultaneously:
233       Present-only: predict E(t) from E(t-1) alone
234       History: predict E(t) from E(t-window:t) mean
235     
236     Returns:
237       surprise: prediction error at each step (history-based)
238       surprise_present: prediction error using present only
239       Both as arrays with NaN where not computable.
240     """
241     T, d = E.shape
242     w = min(window, max(2, T // 10))
243     
244     surprise = np.full(T, np.nan)
245     surprise_present = np.full(T, np.nan)
246     
247     for t in range(w, T):
248         # History-based prediction: rolling mean
249         pred_hist = np.mean(E[t-w:t], axis=0)
250         surprise[t] = np.sqrt(np.mean((E[t] - pred_hist)**2))
251         
252         # Present-only prediction: just the previous step



253         pred_present = E[t-1]
254         surprise_present[t] = np.sqrt(np.mean((E[t] - pred_present)**2))
255     
256     return surprise, surprise_present
257  
258  
259 def measure_MLD(E, window=10):
260     """
261     Unified M/L/D from one predictive model.
262     
263     M: history helps beyond present alone
264     L: surprise decreasing over time (gated by activity)
265     D: surprise spikes relative to local baseline
266     
267     Returns dict with M, L, D_rate, D_mag, D_times, and diagnostics.
268     """
269     T, d = E.shape
270     w = min(window, max(2, T // 10))
271     
272     surprise, surprise_present = observer_predict(E, window=w)
273     
274     valid = np.where(~np.isnan(surprise) & ~np.isnan(surprise_present))[0]
275     
276     if len(valid) < 10:
277         return {'M': 0, 'L': 0, 'D_rate': 0, 'D_mag': 0, 'D_times': [],
278                 'D_centre': 0.5, 'surprise_early': 0, 'surprise_late': 0,
279                 'memory_early': 0, 'memory_late': 0, 'alive': False}
280     
281     # ----- M: Does history help? -----
282     # M = mean(surprise_present - surprise_history) where positive
283     # If history-based prediction is better, the difference is positive
284     memory_signal = surprise_present[valid] - surprise[valid]
285     M = max(0.0, np.mean(memory_signal))
286     
287     # Also compute M for early vs late to check scaling
288     third = max(3, len(valid) // 3)
289     early_v = valid[:third]
290     late_v = valid[-third:]
291     
292     memory_early = max(0.0, np.mean(surprise_present[early_v] - surprise[early_v]))
293     memory_late = max(0.0, np.mean(surprise_present[late_v] - surprise[late_v]))
294     
295     # ----- L: Is surprise decreasing? -----
296     s_early = np.mean(surprise[early_v])
297     s_late = np.mean(surprise[late_v])
298     
299     if s_early > 1e-10:
300         reduction = (s_early - s_late) / s_early
301     else:
302         reduction = 0.0
303     
304     # Activity gate: system must still be active in late phase
305     late_em = E[late_v]
306     early_em = E[early_v]
307     late_act = np.mean(np.abs(np.diff(late_em, axis=0))) if len(late_em) > 1 else 0
308     early_act = np.mean(np.abs(np.diff(early_em, axis=0))) if len(early_em) > 1 else 0
309     floor = 0.01 * early_act if early_act > 1e-10 else 1e-10
310     alive = late_act > floor
311     
312     L = max(0.0, reduction) if alive else 0.0
313     
314     # ----- D: Surprise spikes -----
315     threshold = 2.0
316     d_window = min(15, len(valid) // 4)



317     surprises_list = []
318     d_times = []
319     
320     s_vals = surprise[valid]
321     for i in range(d_window, len(s_vals)):
322         recent = s_vals[i-d_window:i]
323         med = np.median(recent)
324         mad = np.median(np.abs(recent - med))
325         if mad > 1e-10:
326             z = (s_vals[i] - med) / mad
327         elif med > 1e-10:
328             z = s_vals[i] / med if s_vals[i] > 1e-10 else 0
329         else:
330             z = 0
331         if z > threshold:
332             surprises_list.append(z)
333             d_times.append(valid[i])
334     
335     n_eligible = len(s_vals) - d_window
336     D_rate = len(surprises_list) / n_eligible if n_eligible > 0 else 0
337     D_mag = np.median(surprises_list) if surprises_list else 0
338     D_centre = np.mean(d_times) / T if d_times else 0.5
339     
340     return {
341         'M': M, 'L': L, 'D_rate': D_rate, 'D_mag': D_mag,
342         'D_times': d_times, 'D_centre': D_centre,
343         'surprise_early': s_early, 'surprise_late': s_late,
344         'memory_early': memory_early, 'memory_late': memory_late,
345         'alive': alive,
346     }
347  
348  
349 def derive_character(r):
350     """Observer's narrative from M/L/D pattern."""
351     M, L, D_rate, D_centre = r['M'], r['L'], r['D_rate'], r['D_centre']
352     if D_rate > 0 and L > 0.05 and D_centre < 0.4:
353         return 'purposive'
354     elif D_rate > 0.15 and L < 0.01:
355         return 'chaotic'
356     elif M < 0.001 and L < 0.001 and D_rate < 0.001:
357         return 'static'
358     elif D_rate > 0 or L > 0:
359         return 'mixed'
360     else:
361         return 'inert'
362  
363 # ============================================================
364 # CLASSIFICATIONS
365 # ============================================================
366  
367 WOLFRAM_CLASS = {
368     1: [0,8,32,40,64,96,128,136,160,168,192,224,234,235,238,239,
369         248,249,250,251,252,253,254,255],
370     2: [1,2,3,4,5,6,7,9,10,11,12,13,14,15,19,23,24,25,26,27,
371         28,29,33,34,35,36,37,38,42,43,44,46,50,51,56,57,58,62,
372         65,66,67,68,69,72,73,74,76,77,78,94,104,108,130,132,134,
373         138,140,142,152,154,156,162,164,170,172,176,178,184,200,204,232],
374     3: [18,22,30,45,60,75,86,89,90,101,102,105,106,109,120,121,
375         122,126,129,146,149,150,151,153,161,165,169,182,195,225],
376     4: [41,54,110,124,131,133,137,193]
377 }
378  
379 def get_wc(rule):
380     for c, rules in WOLFRAM_CLASS.items():



381         if rule in rules: return c
382     return 2
383  
384 GOL_PATTERNS = {
385     'Block': ([[1,1],[1,1]], 'still_life'),
386     'Beehive': ([[0,1,1,0],[1,0,0,1],[0,1,1,0]], 'still_life'),
387     'Loaf': ([[0,1,1,0],[1,0,0,1],[0,1,0,1],[0,0,1,0]], 'still_life'),
388     'Blinker': ([[1,1,1]], 'oscillator'),
389     'Toad': ([[0,1,1,1],[1,1,1,0]], 'oscillator'),
390     'Beacon': ([[1,1,0,0],[1,1,0,0],[0,0,1,1],[0,0,1,1]], 'oscillator'),
391     'Pulsar': ([[0,0,1,1,1,0,0,0,1,1,1,0,0],[0,0,0,0,0,0,0,0,0,0,0,0,0],
392                 [1,0,0,0,0,1,0,1,0,0,0,0,1],[1,0,0,0,0,1,0,1,0,0,0,0,1],
393                 [1,0,0,0,0,1,0,1,0,0,0,0,1],[0,0,1,1,1,0,0,0,1,1,1,0,0],
394                 [0,0,0,0,0,0,0,0,0,0,0,0,0],[0,0,1,1,1,0,0,0,1,1,1,0,0],
395                 [1,0,0,0,0,1,0,1,0,0,0,0,1],[1,0,0,0,0,1,0,1,0,0,0,0,1],
396                 [1,0,0,0,0,1,0,1,0,0,0,0,1],[0,0,0,0,0,0,0,0,0,0,0,0,0],
397                 [0,0,1,1,1,0,0,0,1,1,1,0,0]], 'oscillator'),
398     'Pentadecathlon': ([[0,0,1,0,0,0,0,1,0,0],[1,1,0,1,1,1,1,0,1,1],
399                         [0,0,1,0,0,0,0,1,0,0]], 'oscillator'),
400     'Glider': ([[0,1,0],[0,0,1],[1,1,1]], 'spaceship'),
401     'LWSS': ([[0,1,0,0,1],[1,0,0,0,0],[1,0,0,0,1],[1,1,1,1,0]], 'spaceship'),
402     'MWSS': ([[0,0,1,0,0,0],[1,0,0,0,1,0],[0,0,0,0,0,1],[1,0,0,0,0,1],
403               [0,1,1,1,1,1]], 'spaceship'),
404     'HWSS': ([[0,0,1,1,0,0,0],[1,0,0,0,0,1,0],[0,0,0,0,0,0,1],
405               [1,0,0,0,0,0,1],[0,1,1,1,1,1,1]], 'spaceship'),
406     'R_pentomino': ([[0,1,1],[1,1,0],[0,1,0]], 'methuselah'),
407     'Acorn': ([[0,1,0,0,0,0,0],[0,0,0,1,0,0,0],[1,1,0,0,1,1,1]], 'methuselah'),
408     'Diehard': ([[0,0,0,0,0,0,1,0],[1,1,0,0,0,0,0,0],[0,1,0,0,0,1,1,1]], 'methuselah'),
409 }
410  
411 GS_REGIMES = {
412     'GS_death': (0.078, 0.061), 'GS_spots': (0.035, 0.065),
413     'GS_stripes': (0.040, 0.065), 'GS_moving': (0.014, 0.054),
414     'GS_mitosis': (0.028, 0.062), 'GS_pulsing': (0.025, 0.060),
415     'GS_coral': (0.062, 0.061), 'GS_chaos': (0.026, 0.051),
416     'GS_worms': (0.054, 0.063), 'GS_sparse': (0.030, 0.062),
417 }
418  
419 # ============================================================
420 # MAIN
421 # ============================================================
422  
423 def main():
424     print("=" * 70)
425     print("  UNIFIED OBSERVER-INFERENCE ANALYSIS")
426     print("  One observer. One predictive model. Three questions.")
427     print("  Four substrates. Results for paper.")
428     print("=" * 70)
429     
430     all_results = []
431     
432     # ---- 1. CELLULAR AUTOMATA ----
433     print("\n  === CELLULAR AUTOMATA (256 rules) ===")
434     ca_results = []
435     for rule in range(256):
436         if (rule+1) % 64 == 0 or rule == 0:
437             print(f"    Rule {rule:3d} ({rule+1}/256)")
438         grid = run_ca(rule, steps=300)
439         E = emit_ca(grid)
440         r = measure_MLD(E)
441         r['name'] = f'CA_{rule:03d}'
442         r['category'] = f'class_{get_wc(rule)}'
443         r['wolfram_class'] = get_wc(rule)
444         r['character'] = derive_character(r)



445         ca_results.append(r)
446         all_results.append(r)
447     
448     # ---- 2. GAME OF LIFE ----
449     print("\n  === GAME OF LIFE (18 patterns) ===")
450     gol_results = []
451     for name, (pattern, ptype) in GOL_PATTERNS.items():
452         gs = 60 if name in ('Acorn',) else 50
453         st = 400 if ptype == 'methuselah' else 300
454         print(f"    {name}")
455         hist = run_gol(pattern, gs=gs, steps=st)
456         E = emit_gol(hist)
457         r = measure_MLD(E)
458         r['name'] = name
459         r['category'] = ptype
460         r['character'] = derive_character(r)
461         gol_results.append(r)
462         all_results.append(r)
463     
464     # ---- 3. GRAY-SCOTT ----
465     print("\n  === GRAY-SCOTT (10 regimes) ===")
466     gs_results = []
467     for name, (F, k) in GS_REGIMES.items():
468         print(f"    {name} (F={F}, k={k})")
469         Uh, Vh = run_gs(F, k, gs=64, steps=5000, sample=10)
470         E = emit_gs(Uh, Vh)
471         r = measure_MLD(E)
472         r['name'] = name
473         r['category'] = 'gray_scott'
474         r['character'] = derive_character(r)
475         gs_results.append(r)
476         all_results.append(r)
477     
478     # ---- 4. SORTING ----
479     print("\n  === SORTING ALGORITHMS (7 variants) ===")
480     sort_results = []
481     rng = np.random.RandomState(123)
482     arr = rng.permutation(30)
483     
484     sort_systems = {
485         'already_sorted': ([np.arange(30)]*20, 'control'),
486         'bubble_sort': (bubble_sort_history(arr.copy()), 'top_down'),
487         'self_sort': (self_sort_history(arr.copy()), 'bottom_up'),
488         'self_sort_defects': (self_sort_defects_history(arr.copy(), [7,15,22]), 'defective'),
489         'selection_sort': (selection_sort_history(arr.copy()), 'top_down'),
490         'reverse_bubble': (bubble_sort_history(np.arange(30)[::-1].copy()), 'worst_case'),
491     }
492     
493     for name, (history, stype) in sort_systems.items():
494         history_np = [np.array(h) for h in history]
495         if len(history_np) < 5:
496             print(f"    {name}: too short ({len(history_np)} steps), skipping")
497             continue
498         print(f"    {name}")
499         E = emit_sort(history_np)
500         r = measure_MLD(E, window=5)
501         r['name'] = name
502         r['category'] = stype
503         r['character'] = derive_character(r)
504         sort_results.append(r)
505         all_results.append(r)
506     
507     # ============================================================
508     # SAVE RESULTS



509     # ============================================================
510     
511     fields = ['name','category','M','L','D_rate','D_mag','D_centre',
512               'character','surprise_early','surprise_late',
513               'memory_early','memory_late','alive']
514     
515     for path, data, extra_fields in [
516         ('/home/claude/final_ca.csv', ca_results, ['wolfram_class']),
517         ('/home/claude/final_gol.csv', gol_results, []),
518         ('/home/claude/final_gs.csv', gs_results, []),
519         ('/home/claude/final_sort.csv', sort_results, []),
520     ]:
521         with open(path, 'w', newline='') as f:
522             writer = csv.DictWriter(f, fieldnames=fields+extra_fields)
523             writer.writeheader()
524             for r in data:
525                 row = {k: r.get(k,'') for k in fields+extra_fields}
526                 writer.writerow(row)
527     
528     # ============================================================
529     # REPORTS
530     # ============================================================
531     
532     # --- CA by class ---
533     print("\n" + "=" * 70)
534     print("  CA RESULTS BY WOLFRAM CLASS")
535     print("=" * 70)
536     for cls in [1, 2, 3, 4]:
537         cr = [r for r in ca_results if r['wolfram_class'] == cls]
538         if not cr: continue
539         M = np.mean([r['M'] for r in cr])
540         L = np.mean([r['L'] for r in cr])
541         D = np.mean([r['D_rate'] for r in cr])
542         Ms = np.std([r['M'] for r in cr])
543         Ls = np.std([r['L'] for r in cr])
544         Ds = np.std([r['D_rate'] for r in cr])
545         chars = Counter(r['character'] for r in cr)
546         print(f"\n  Class {cls} ({len(cr)} rules):")
547         print(f"    M = {M:.4f} ± {Ms:.4f}   L = {L:.4f} ± {Ls:.4f}   D = {D:.4f} ± {Ds:.4f}")
548         print(f"    Characters: {dict(chars)}")
549     
550     # --- GoL by type ---
551     print("\n" + "=" * 70)
552     print("  GoL RESULTS BY TYPE")
553     print("=" * 70)
554     for ptype in ['still_life','oscillator','spaceship','methuselah']:
555         pr = [r for r in gol_results if r['category'] == ptype]
556         if not pr: continue
557         print(f"\n  {ptype} ({len(pr)}):")
558         print(f"    M = {np.mean([r['M'] for r in pr]):.4f}  "
559               f"L = {np.mean([r['L'] for r in pr]):.4f}  "
560               f"D = {np.mean([r['D_rate'] for r in pr]):.4f}")
561     
562     # --- GoL individual ---
563     print("\n  Individual GoL patterns:")
564     for r in gol_results:
565         print(f"    {r['name']:20s} ({r['category']:12s}): "
566               f"M={r['M']:.4f} L={r['L']:.4f} D={r['D_rate']:.4f} [{r['character']}]")
567     
568     # --- GS ---
569     print("\n" + "=" * 70)
570     print("  GRAY-SCOTT RESULTS")
571     print("=" * 70)



572     for r in sorted(gs_results, key=lambda x: -(x['M']*x['L']*x['D_rate'])**(1/3) if x['M']>0 and 
x['L']>0 and x['D_rate']>0 else 0):

573         ov = (r['M']*r['L']*r['D_rate'])**(1/3) if r['M']>0 and r['L']>0 and r['D_rate']>0 else 0
574         print(f"  {r['name']:15s}: M={r['M']:.4f} L={r['L']:.4f} D={r['D_rate']:.4f} ov={ov:.4f} 

[{r['character']}]")
575     
576     # --- Sorting ---
577     print("\n" + "=" * 70)
578     print("  SORTING RESULTS")
579     print("=" * 70)
580     for r in sort_results:
581         print(f"  {r['name']:20s}: M={r['M']:.4f} L={r['L']:.4f} D={r['D_rate']:.4f} Dc=

{r['D_centre']:.2f} [{r['character']}]")
582     
583     # --- Notable rules ---
584     print("\n" + "=" * 70)
585     print("  NOTABLE CA RULES")
586     print("=" * 70)
587     for rule in [0, 4, 30, 54, 110, 184]:
588         r = next(x for x in ca_results if x['name'] == f'CA_{rule:03d}')
589         print(f"  Rule {rule:3d} (Class {r['wolfram_class']}): "
590               f"M={r['M']:.4f} L={r['L']:.4f} D={r['D_rate']:.4f} Dc={r['D_centre']:.2f} 

[{r['character']}]")
591     
592     # --- Cross-substrate M∩L∩D overlap top 20 ---
593     print("\n" + "=" * 70)
594     print("  CROSS-SUBSTRATE TOP 20 (M∩L∩D overlap)")
595     print("=" * 70)
596     
597     scored = []
598     for r in all_results:
599         if r['M'] > 0 and r['L'] > 0 and r['D_rate'] > 0:
600             # Normalise within each substrate? No — use raw geometric mean
601             ov = (r['M'] * r['L'] * r['D_rate']) ** (1/3)
602         else:
603             ov = 0
604         scored.append((ov, r))
605     scored.sort(key=lambda x: -x[0])
606     
607     for i, (ov, r) in enumerate(scored[:20]):
608         print(f"  {i+1:2d}. {r['name']:25s} ({r['category']:14s}): "
609               f"ov={ov:.4f} M={r['M']:.4f} L={r['L']:.4f} D={r['D_rate']:.4f} [{r['character']}]")
610     
611     # ============================================================
612     # MULTI-OBSERVER HIERARCHY TEST
613     # ============================================================
614     
615     print("\n" + "=" * 70)
616     print("  MULTI-OBSERVER COGNITIVE HIERARCHY TEST")
617     print("  Same system, different access levels")
618     print("=" * 70)
619     
620     # Select test systems
621     test_systems = [
622         ('CA Rule 54', emit_ca(run_ca(54, steps=300))),
623         ('CA Rule 30', emit_ca(run_ca(30, steps=300))),
624         ('GoL R-pentomino', emit_gol(run_gol([[0,1,1],[1,1,0],[0,1,0]], steps=400))),
625     ]
626     
627     # Add GS mitosis
628     print("  Generating GS Mitosis for hierarchy test...")
629     Uh, Vh = run_gs(0.028, 0.062, gs=64, steps=5000, sample=10)
630     test_systems.append(('GS Mitosis', emit_gs(Uh, Vh)))
631     



632     # Add bubble sort
633     arr = np.random.RandomState(123).permutation(30)
634     test_systems.append(('Bubble Sort', emit_sort([np.array(h) for h in bubble_sort_history(arr)])))
635     
636     for sys_name, E in test_systems:
637         n_feat = E.shape[1]
638         print(f"\n  {sys_name} ({n_feat} features):")
639         print(f"    {'Observer':12s} {'D_obs':>5s} {'M':>8s} {'L':>8s} {'D_rate':>8s}")
640         
641         # Full access
642         r_full = measure_MLD(E)
643         print(f"    {'Full':12s} {n_feat:5d} {r_full['M']:8.4f} {r_full['L']:8.4f} 

{r_full['D_rate']:8.4f}")
644         
645         # Pairs (average)
646         if n_feat >= 3:
647             pair_M, pair_L, pair_D = [], [], []
648             for combo in itertools.combinations(range(n_feat), 2):
649                 r_p = measure_MLD(E[:, list(combo)])
650                 pair_M.append(r_p['M']); pair_L.append(r_p['L']); pair_D.append(r_p['D_rate'])
651             print(f"    {'Pairs (avg)':12s} {2:5d} {np.mean(pair_M):8.4f} {np.mean(pair_L):8.4f} 

{np.mean(pair_D):8.4f}")
652         
653         # Singles (average)
654         sing_M, sing_L, sing_D = [], [], []
655         for f in range(n_feat):
656             r_s = measure_MLD(E[:, f:f+1])
657             sing_M.append(r_s['M']); sing_L.append(r_s['L']); sing_D.append(r_s['D_rate'])
658         print(f"    {'Singles (avg)':12s} {1:5d} {np.mean(sing_M):8.4f} {np.mean(sing_L):8.4f} 

{np.mean(sing_D):8.4f}")
659         
660         # Direction check
661         m_up = np.mean(sing_M) > r_full['M'] + 0.001
662         l_up = np.mean(sing_L) > r_full['L'] + 0.001
663         d_up = np.mean(sing_D) > r_full['D_rate'] + 0.001
664         
665         arrows = []
666         if m_up: arrows.append("M↑")
667         if l_up: arrows.append("L↑")
668         if d_up: arrows.append("D↑")
669         
670         if arrows:
671             print(f"    Less access → more: {', '.join(arrows)}")
672         else:
673             print(f"    No hierarchy effect detected")
674     
675     print("\n" + "=" * 70)
676     print("  ANALYSIS COMPLETE")
677     print("=" * 70)
678     print(f"  Total systems analysed: {len(all_results)}")
679     print(f"  Files saved: final_ca.csv, final_gol.csv, final_gs.csv, final_sort.csv")
680  
681  
682 if __name__ == '__main__':
683     main()
684  


